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ABSTRACT

ABSTRACT

The development of suitable methods of hydrogen storage has been the subject
of intensified research over the last two decades. Systems with light elements such as
Li, Na, Mg, Al, B, N have attracted considerable attention due to their high gravimetric
and volumetric density of hydrogen. Among other liquid and solid hydrogen storage
materials, metal hydrides and complex hydrides are nowadays of the main interest.
However, these materials suffer from unfavorable operating conditions and scarce
cycling ability. These challenges are associated with materials properties and strongly
depend on thermodynamics. The possible solution to this problem could come from
the improvement of already existing systems or designing new materials with desirable
properties. Therefore, the present study focuses on both directions: development of
new Al-N-based systems and their examination as a medium for hydrogen storage;
and modification of the hydrogen sorption properties of the well-known sodium alanate-
based system.

The first part of this thesis is dedicated to the chemistry and properties of Al-N-
based materials. The main effort was focused on the synthesis and characterization of
so-called “aminoalanes” - the organic-metal hydrides, where the Lewis acid (aluminum
hydride) is stabilized by the Lewis base (amine). In order to find suitable aminoalanes
for hydrogen storage, several heterocyclic amines were examined. As the solid-state
hydrogenation of the synthesized aminoalanes was not successful, other methods
needed to be developed. The existing triethylenediamine-aluminum system was taken
as the model for establishing the main principles for the alane formation from aluminum
in solution. As a result, this approach was improved (in the term of the product yield)
by applying other transition metal compounds as additives for producing activated
aluminum. Furthermore, the prospective concept employing Zr-activated aluminum
and piperidine has been developed. The synthesis, characterization, and detailed
thermal decomposition studies of the formed piperidinoalanes have been described.
Single-crystal X-ray diffraction analyses revealed two new crystal structures of
piperidinoalanes [pip2AlIH]2 and [pipsAl]2 (pip= 1-piperidinyl, CsH1oN). In addition, the
perspective approach for hydrogen uptake/release in piperidinoalane has been
established.

The second part of this work was focused on the modification of the properties of
the sodium alanate-based system to obtain the material suitable for high-pressure tank

technologies. Sodium alanate has been considered as the most promising complex
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metal hydride for practical applications, thanks to its reversibility in exchanging
hydrogen at moderate conditions in the presence of a small amount of dopants. In
order to provide the material with the high dissociation pressure, sodium alanate was
doped with the high level of Ti-additive. The performed experiments showed, that with
the increase of the doping level the increase of the dissociation pressure was
observed. However, this effect was found to be connected to the lack of aluminum in
the system due to the formation of Al-Ti-phases. Considerable progress has been
achieved in improving the hydrogen sorption properties of sodium alanate-based
system by adding extra aluminum powder in addition to the catalyst. As the result, the
improved kinetics and increased gravimetric hydrogen storage capacity of the Ti-doped
sodium alanate system were observed. Furthermore, the change of the
thermodynamics of sodium alanate-based system upon addition of TiCls and Al was
investigated with the help of high-pressure DSC. An additional thermal signal was
detected during HP-DSC measurements upon adding the high amount of Al to Ti-
doped sodium alanate. Based on the performed experiments the formation of an
unknown Na-Al-hydride has been suggested. The fact that the Al addition can influence
the hydrogen properties of the sodium alanate system is of significant importance for
other alanate-based systems. Thus, the present study contributes to the understanding
of the hydrogenation and dehydrogenation behavior of doped sodium alanate with

perspectives being applicable to other related materials.
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MOTIVATION AND GOALS

In one of the famous Jules Verne’s novels “The Mysterious Island” an engineer
informs his colleagues "I believe that water will one day be employed as fuel, that
hydrogen and oxygen which constitute it, used singly or together, will furnish an
inexhaustible source of heat and light, of an intensity of which coal is not capable. ...
Water will be the coal of the future."l'l This fantastic far-sighting view, published in
1874, predicted the coming of the hydrogen economy. In the present time, nobody can
be surprised that hydrogen can be used as fuel.

Hydrogen has been recognized as an environmentally friendly energy carrier,
which can be produced from renewable energy resources. The most challenging task
for its extensive commercial applications is the development of efficient storage
materials, which can satisfy the established gravimetric and volumetric storage
requirements. Unfortunately, until now, none of the existing hydrogen storage materials
meets all targets established by the US Department of Energy (DOE). The current
challenges in developing a suitable system are as follows:

* Low cost of the hydrogen storage material.

» Favorable storage properties of the material: high hydrogen storage capacity,
fast kinetics, and favorable thermodynamics.

* Environmentally friendly combustion products.

The efforts, which we make today, will strongly influence how fast the hydrogen
economy will emerge at the dawn of the hydrogen age. The search for a safe and
techno-economically viable hydrogen storage method is a crucial material challenge
for moving towards the hydrogen-based economy. This work is preferably dedicated
to the development of the new pathways for hydrogen storage in liquid and solid state.
It is hoped, that this research can provide new inspiration to solve this challenge and
can help to create new materials and approaches for the efficient storage of hydrogen.

This basic research was a part of the RevAl project founded by the German
Federal Ministry of Education and Research (BMBF, Proj. No. 03SF0481A) and was
aimed at the application of Al-N-based compounds for designing efficient systems for
reversible hydrogen storage. The main efforts of this work were focused on the
development and optimization of suitable aminoalanes for hydrogen storage. So far,
this class of material was only partly investigated. In the past, the main research focus
was on alane separation from formed amine-alane adducts. However, aminoalanes by

themselves were never considered as hydrogen storage materials.
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Aminoalanes are interesting both from the point of view of their hydrogen storage

content and their physicochemical properties. The synthesis and characterization of

novel materials based on AI-N bonds have been a major task of this work. The

investigation of aminoalanes as potential hydrogen materials requires several steps.

First, the synthesis, purification, and characterization of their properties should be

performed. Testing of the hydrogen sorption properties of the synthesized aminoalanes

should be the next step.

The specific goals and objectives pursued in this thesis are:

Development and optimization of the synthesis procedure for crystalline
aminoalanes.

Testing of synthesized aminoalanes for hydrogen uptake in liquid and solid state.
Improvement of properties of the aminoalane-based system by applying doping
agents.

Development of the efficient method for hydrogen cycling in aminoalanes.
Investigation of the absorption/desorption properties of sodium alanate doped
with a high catalyst amount.

Kinetic and thermodynamic optimization of doped sodium alanate system by
doping with suitable destabilization agent.

Determination of thermodynamic parameters of doped sodium alanate system

with help of high-pressure DSC.
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The introduction chapter of this thesis will give an overview of the different
hydrogen storage possibilities. The advantages and drawbacks of the various storage
systems will be discussed and evaluated in terms of their viability for practical
applications. The lightweight Al-, B-, N-based materials, which have made the most
significant progress in energy storage in recent years will be discussed in detail. The
main focus will be on the achievements made in hydrogen storage, particularly in

complex hydride systems, which are of particular interest for this work.

1.1 The prospects for hydrogen-based energy systems

The development of energy storage systems as enablers for various energy
technologies has become the subject of intensive research to overcome negative
consequences from the depletion of fossil energy resources and anthropogenic climate
change. In many respects, hydrogen-based technologies appear to be a promising
solution for the replacement of the current carbon-based energy systems. However,
the lack of practical hydrogen storage systems is currently a crucial obstacle for the

implementation of hydrogen-based energy.
Generally, hydrogen can be generated by applying different methods>!

1.  Renewable (electrolysis, biomass, thermochemical, thermophysical, photo-
electrochemical, photo-biological)

2.  Non-renewable (steam reformation, coal gasification, nuclear power)

On the other hand, the only hydrogen produced from renewable energy sources
(solar radiation, wind, falling water, tides, etc.) can be truly sustainable. Thus,
renewably produced energy is the way into a safe, environmentally friendly, and
economically successful future. The main drawback of renewable energy sources
versus fossil energy sources is that they are capable of producing, mostly, one energy
carrier: electricity. However, modern society cannot operate effectively with energy
provided only in the form of electricity, as they also need chemical fuels and
feedstocks. For example, airplanes cannot economically fly using electricity. Therefore,
one of the major challenges is to develop a system for the utilization of electricity.
Hydrogen has great potential as an energy carrier for storing and supplying the
electricity generated from renewable energies and additionally can be used as fuel in
the transport sector. For example, the energy from renewable resources can be used

to generate hydrogen through water electrolysis® and then can be utilized for
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smoothing fluctuation of renewable energy or as a fuel. However, this technology faces
certain limitations such as thermal management, low efficiency of the cycle (up to
40%), and cost of the electrolyzer. If a more efficient method will be developed,

hydrogen could replace fossil fuel in the future.

The variety of the production methods make hydrogen independent from the

producing source. The other advantages of hydrogen as an energy carrier arel>6-8l:

o Available. The most abundant element on Earth.

o Producible. The clean way to produce hydrogen from the water.

o Utilizable. The transport and power sectors have the potential to use hydrogen.

o Storable. Hydrogen can be stored in a variety of forms and in large quantities.

o Transportable. Hydrogen can be transported in many ways (e.g. road, rail, ship).

o Environmentally friendly. Hydrogen does not produce harmful emissions, which
deplete the ozone layer.

o Recyclable. Hydrogen can be separated from oxygen by the electrolysis of water.

o High gravimetric energy density. The gravimetric energy density of hydrogen (120

MJ/kg) is approximately three times that of gasoline (46.4 MJ/kg).

Despite these potential benefits, there is a need to focus equally on the positive
features of hydrogen and technical and economic obstacles to overcome its negative

aspects. The major technical barriers and challenges in the use of hydrogen as a fuel

arel6.8.91:

Low volumetric energy density. The low volumetric energy density of hydrogen

(8.4 MJ/L) compared to gasoline (31.1 MJ/L) is the reason for the increased

package volume required for a hydrogen storage system.

o Purity. For the application of hydrogen in fuel cells, high purity of hydrogen is
required (99.99 %).

o The cost of production. Hydrogen is not naturally available, thus the cost for

hydrogen production is higher compare to natural gas.

o Safety. Great care is needed to avoid problems during hydrogen operations.

It might be the simplest way to store compressed hydrogen in a pressure vessel.
However, the low energy density of hydrogen in such systems cannot satisfy the fuel
demand of most current vehicles. In order to carry enough fuel (about 5-6 kg of H2) for
achieving the standard car driving range of about 500 km, hydrogen needs to be stored

in special containers with pressures up to 70 MPal'%1"l. Consequently, this leads to

20



1 INTRODUCTION

several technical problems like adiabatic effects during refueling, design, and safety of
storage containers. To overcome these issues much attention is currently being given

to find material for solid-state hydrogen storage.

1.2 Requirements for the hydrogen storage system

The development of practical hydrogen storage systems is a challenging task as
requirements of storage capacity, refueling rates and weight must be met. These are
often taken to be the targets specified by the United States Department of Energy
(DOE) in (Table 1.1).

Table 1.1 Summary of DOE technical system targets for on-board hydrogen
storage for light-duty fuel cell vehicles!'2l.

Storage parameter 2020 2025 Ultimate
System gravimetric capacity, wt.-% 4.5 5.5 6.5
System volumetric capacity, g H2/L 30 40 50
Fuel cost, $/gge* at pump 4 4 4
Min/max delivery temperature, C° -40/85 -40/85 -40/85
Operational cycle life (1/4 tank to full), cycles 1500 1500 1500
Min/max delivery pressure from storage system, 5/12 5/12 5/12
bar

System fill time (5 kg), min 3-5 3-5 3-5

* 1 kg Hz2 = 1 gal gasoline equivalent (gge) on energy basis.

Following these targets the practical hydrogen storage system must satisfy a
number of requirements!'3l:
o High-energy storage capacity.
o Favorable thermodynamics (moderate temperature and pressure range).
o Fast kinetics (rapid rate for desorption <1-2 wt.-%/min).
o Reversibility.
J Good thermal conductivity.
o Cheap and available.
o High stability against oxygen and moisture, long lifetime.
o No environmental, health, or safety issues (environmentally friendly by-products).
o Lightweight (minimal weight and volume increment to overall vehicle).

In order to accomplish these objectives, the Fuel Cell Technologies Office
(FCTO) carried out extensive research on a wide range of hydrogen storage materials
(Fig. 1.1).
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Figure 1.1 Hydrogen capacity of hydrogen storage materials investigated by
FCTO as a function of operating temperaturel’4l.

The study showed (Fig. 1.1), that most of the investigated materials with high
storage capacity cannot fully satisfy the DOE targets due to the disadvantages
associated with low hydrogen storage capacity or unfavorable thermodynamics. The
materials with fast kinetics have issues with low storage capacity or complete
irreversibility. A compromise between high storage capacity and slow kinetics may be
accepted, since in that case material loading to the full capacity may not be required.
The other compromise could be achieved by the combination of a high-pressure
cylinder and a solid-state hydridel'>'¢l: thus the driving range of a vehicle could be
extended significantly or the tank volume could be reduced for the same driving range.
Therefore, the nowadays research direction is to find solid-state materials for hybrid

tank systems that can work at elevated pressure of p(Hz2) = 300—700 bar.

1.3 An overview of hydrogen storage strategies

The storage of hydrogen is a major challenge for its practical application as an
energy carrier. Hydrogen storage technologies can be generally categorized into
physical and chemical ones (Fig. 1.2). The common physical methods include
compression, liquefaction, cryo-compression, physisorption by adsorbents. Typical
chemical hydrogen storage materials include metal hydrides, complex metal hydrides,
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and other hydrogen-containing compounds. Additionally, chemical storage materials
can be classified in regard to their “reversibility” - ability to be rehydrogenated under
moderate temperatures and pressures, as reversible (e.g. intermetallic alloys, sodium
alanate, liquid organic carriers) and irreversible (e.g. borohydrides, aluminum hydride).

Irreversible systems can release hydrogen by thermal decomposition or by hydrolysis

Physical storage Chemical storage
% Q a

‘%‘5&

35-75MPa, RT > 24 MPa, 20 K 0.1-1 MPa, 21K €. MOF, COF, zeolites
0.1-10 MPa, 77 K

Metal hydrides Complex metal hydrides Complex hydride systems Liquid org

anic systems
e > e
e r\ H
e e o

e.g. LaNlSHG ZrN|H3 MgH, e.g. NaAlH,, LiBH,, e.g. NH;BH;, (C,Hs)sNAIH, e.g. BN-methylcyclopentane
Up to 7.6 wt.%, 300-600 K Up to 18.4 wt.% , >550K Up to 24 wt.%, 230-450K Up to 7.3 wt.%, 350-650K

reaction.

Figure 1.2 Schematic illustration for hydrogen storage methods. Modified
froml7],

Each storage principle has its own prospects and constraints and the energy
required to store hydrogen in each storage method is quite different. For instance, the
necessary cooling energy for liquefying hydrogen is about 30 % of the stored chemical
energy of hydrogen. The energy input of 12 % for pressurizing hydrogen up to 200 bar
and 9 % for storing it at 100 bar in a hydride (e.g. NaAlHs) will be required!8l,

Compressed hydrogen gas requires highly pressurized vessels, made from
strong, lightweight, and highly resistant materials. The advantage of liquefied hydrogen
over pressurized is its high volumetric density at low pressure and its favorable
transportation characteristics. However, this method faces two challenges: the
efficiency of the liquefaction process and the costs for the thermal isolation of the
storage containers from boil-off gas('!l. Cryo-compressed hydrogen storage systems
operate at high pressures (24 MPa or higher) and cryogenic temperatures (20 K)®l.
The storage tanks are compatible with compressed and liquefied hydrogen refueling
infrastructures. However, the cryo-compressed hydrogen storage system has the

same challenging problems of design, operation, safety, cost, and maintenance, as
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systems for liquefied hydrogen. Despite all above-mentioned limitations, physical
storage technologies show up to date the best overall technical performance in
automotive applications. The combination of pressurized or cryogenic tanks with other
technologies such as fuel cells is the current solution for a variety of existing zero-
emission vehicles.

In contrast, hydrogen storage in solid materials has reduced volumetric
constraints; however, the main challenge is the gravimetric hydrogen storage capacity.
In solid-state storage, hydrogen can be bonded either by weak physical forces on
highly porous solids (Fig 1.3, a) or by chemical forces (Fig. 1.3, b and c) in hydrides.
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Figure 1.3 The scheme of the physical and chemical bonding of the hydrogen in
solid materials!°!.

Adsorption of hydrogen on high surface area materials

Physisorption is caused by weak intermolecular forces (van der Waals forces)
between hydrogen molecules and the surface of the material. The maximum amount
of hydrogen which can be adsorbed on the solid depends on the surface area, pore
volume, and enthalpy of adsorption. The most widely studied materials are carbon-
based materials (activated carbon, fullerenes, nanotubes, nanofibers and graphene)?%-
231 zeolites!?*261, metal organic frameworks (MOFs)[?7-28] covalent organic frameworks
(COFs)?%-321 and clathrates!33-3%],
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Hydrogen storage by physical sorption is a very promising research path since it
provides fast kinetics and reversibility, thus refueling time is short and safe. Since
physisorption is nonactivating process, the only low heat effects during hydrogen
uptake and release are involved. The low temperatures needed to store significant
amounts of hydrogen, limit at present the practical application of adsorbents. To
overcome the drawbacks of these systems several strategies have been suggested:
increasing surface area and pore volume, designing a framework consisting of light
elements, avoidance of nonessential free space in the structure, optimization of the
adsorption energy, creating unsaturated metal sites, doping of frameworks with metal
centers and particles to increase hydrogen uptake via a spillover mechanism. The
porous materials can be also used as scaffolds for other hydrogen storage materials
such as metal/complex hydrides to enhance the kinetics, thermodynamics, and
reversibility of hydrogen sorption due to the defects and specific interactions between
the Me-H bond and the nanoporous walls, and making the materials more attractive
for practical applications.

Chemical storage of hydrogen in metal hydrides

Chemical hydrogen storage, wherein hydrogen is stored in a chemical compound
and released via a chemical reaction, is a promising strategy for providing high
volumetric and gravimetric hydrogen storage capacities. However, there is always the
need to split or recombine the hydrogen molecules, to integrate the hydrogen atoms
into the lattice of the metal, and to form a new chemical compound. This is a process
that inherently involves large enthalpy changes, which have to be handled in technical
applications. The formation and stability of such materials highly depend on the
pressure and temperature.

In the past decade, systems consisting of light elements (e.g. Li, K, Na, Mg, B,
Al, and N) have been under development. As the main interest of this work is related
to complex metal hydrides and multi-cations hydrides, a short description of the
conventional metal hydrides will be given here. In the next section, an extended
overview of the most promising complex hydride systems will be presented.

Metals can combine with hydrogen by three different bond types: ionic, covalent,
and metallic. Based on the strength of the bonds, metal hydrides are broadly classified
into two categories: reversible and irreversible. In the metallic hydrides, the hydrogen
typically occupies interstitial sites, which may lead to wide ranges of non-stoichiometry.
The chemical hydrogen storage in transition metals and alloys is the common concept

proposed in the late 1960°s. The first examples are Mg-based compounds (Mg2Cu and
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Mg2Ni) and LiNis which absorb hydrogen already at room temperaturel®l. In the
meantime, many interstitial metal hydrides have been reported('53¢l. Even though
these hydrides are reversible and have excellent kinetics, theirs gravimetric hydrogen
density (up to 3 wt.-%) is inherently low due to the high atomic weight of the metal. The
high price of intermetallic hydrides and low hydrogen equilibrium pressures at room
temperature also prevent the practical use of these materials. Nevertheless, they can
be useful for special applications such as submarines or forklift trucks, where
heavyweight is essential.

Among all the light metal hydrides, magnesium hydride (MgH2) has been the
one most studied because of its relatively large theoretical hydrogen density
(7.6 wt.- %) and low costs. Mg-based hydrides possess good-quality functional
properties, such as heat-resistance, reversibility, and recyclability. The reaction of
hydrogen with Mg is exothermic with an enthalpy of reaction of —74.5 kJ/mol H2 which
means that a temperature of about 300 °C is required to release hydrogen from 3-
MgH:2 at a pressure of 1 barl®’l. Unfavorable thermodynamic properties, slow desorption
kinetics, and high reactivity of MgH2 toward air and oxygen limit its practical use.
Numerous attempts have been made to overcome the unfavorable kinetic barriers and
to decrease the desorption temperature of MgH2. A commonly successful method to
improve the hydrogenation rate is to introduce structural defects by alloying MgH2 with
various elements and/or compounds by the high-energy ball milling!'®. To improve the
hydrogen exchange kinetics, the series of composite materials were prepared by ball
milling of Mg with transition metals which either absorb hydrogen (e.g. Ti, V, Nb)283°1
or not (e.g. Fe, Ni, Cu, Co)®*#1l. The metals and composites which do not alloy with
Mg (e.g. V, Nb, Pd, NiB)“*? are supposed to act as gateways for the hydrogen into/from
the magnesium matrix. On the other hand, the high desorption temperature makes
magnesium hydride a favorable material, for instance, for thermal and solar-thermal
applications.

Remarkable hydrogen content of about 10 wt.-% has promoted extensive studies
on aluminum hydride (AlH3) as a material for hydrogen storage applications.
Considerable efforts have been made to characterize the thermodynamic and crystal
structure of different alane polymorphs (a, a’, B, vy, 6, € and ¢) in order to understand
the hydrogen storage properties of this material“3-46l. Aluminum hydride decomposes
in a single endothermic step with the release of hydrogen and aluminum metal, with
the enthalpy of the dehydrogenation reaction of 6.0 + 1.5 kJ/mol Hz, -3 ~ -5 kJ/mol

Hz, and 1.0 = 0.5 kJ/mol H2l*7l for the a-, B-and y-phases, respectively. The main
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drawback of alane is unfavorable hydrogenation conditions. While the
dehydrogenation of AlH3 occurs at 170 °C (at a heating rate of 10 °C/min)4%, a
minimum of 7 kbar of Hz2 pressure at room temperature is necessary for hydride
formation*®l. This high hydrogenation pressure has precluded alane from being
considered as a reversible hydrogen storage material. Thus, much research has been
done in order to develop more economically and thermodynamically cost-effective
synthetic routes to produce alane, such as the conventional organometallic (ethereal)
reaction[*3l, direct high-pressure hydrogenation!*®, electrochemical charging®®, and
low-pressure hydrogenation using stabilizing ligands (e.g. amines)®'l. However, the
ethereal reaction of lithium alanate with aluminum chloride!*3 remains the preferred

synthesis method.

1.4 Complex hydrides as a promising hydrogen storage materials

The chemistry of complex hydrides is extremely diverse and a wide range of novel
hydrides have been discovered during the past decades. In contrast to intermetallic
hydrides, in complex hydrides, hydrogen atoms are covalently bonded to a complex-
forming element (e.g. B, Al or N) in an anionic complex (e.g. [BH4], [AIH4], [NH2])) and
stabilized by the cation, typically an alkali metal (e.g. LiAlH4, LiBH4, LiNH2) or alkaline
earth metal (e.g. Mg(AlH4)2, Mg(BHa)2)['%11. Most light metal complex hydrides often

have very large hydrogen densities (Table 1.2).

Table 1.2 Selected properties of complex metal hydrides.

Material pmwWt.-% H2  pv,gHo/L  AHgec (kJ/mol)  Tgec, °C Ref.

LiBH4 18.4 122.5 74 400 [52]

NaBH4 10.7 115.6 -108 500 (53]

Ca(BHs).  11.6 32 527 [54]

a-Mg(BHs),  14.9 117 67 280 [55]

Al(BHz)3 16.9 132 - 80 [56]

LiAIHq 10.6 97.5 -10 (1% step) 160180 (1 step) 1571
25 (2" step) 180-220 (2™ step)

NaAlH4 7.5 93.5 37 (1%t step) 220 (1%t step) [13,58]
47 (2" step) 275 (2" step)

KAIH, 5.7 53.2 55 (15t step) 290 (1% step) [59.60]
70 (2™ step) 330 (2" step)

Ca(AlHa4)2 7.9 70.4 -7 (1% step) 127 (1% step) [61]
31 (2" step) 250 (2" step)

Mg(AlH4)2 9.3 72.3 1.7 (1 step) 150-170 (1t step)  [61]

48.8 (2" step) 310-320 (2" step)
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LiNH2 8.8 103.6 67 (1% step) 285 [62-64]
NaNH: 5.1 71.9 - 400 [65,66]
Mg(NH2)2 7.2 97.3 - 200 67]

pm - gravimetric hydrogen density; pv - volumetric hydrogen density; AHdec- desorption enthalpy; Tdec -
decomposition temperature

Generally, the hydrogen storage capacity of complex metal hydrides depends on
the weight of the metal atoms and the number of possible bound hydrogen atoms in
the complex anion. In many cases, the hydrogen release pathway from complex metal
hydrides is complicated compared to metallic and ionic hydrides, and thus remains not
fully understood. For having the potential for practical usage the reversible hydride
system should have an absolute value of heat of hydrogenation and dehydrogenation
between 20 - 30 kd/mol H2!"?l. However, most of the complex hydrides are not suitable
for practical applications due to their poor thermodynamic and kinetic properties or

limited reversibility.

1.4.1 Metal borohydride systems

Metal borohydrides have received significant interest, as hydrogen storage
materials, initiated by investigations of hydrogen storage properties of LiBHa4[®8l. Since
then a wide range of novel metal borohydrides have been discovered and tested, due
to the great coordination flexibility of the complex [BH4]" anion, and thus an extensive
verity of possible compositions!®9.

Lithium borohydride (LiBH4) has a high gravimetric hydrogen density (18.4
wt.- %), which is the highest gravimetric storage capacity among the complex hydrides
(Table 1.2). However, it exhibits high thermodynamic stability due to the strong B-H
bond, and thus the dehydrogenation/hydrogenation temperatures and pressures are
too high for practical applications. LiBH4 starts to thermally decompose above 320 °C,
and the major decomposition process occurs at the temperature range of 400-600 °C.
Furthermore, LiBH4 can be only rehydrogenated under extreme conditions, such as
p(H2) = 70-350 bar and T = 600-650 °Cl’. The addition of different compounds to
LiBH4 has a positive influence on its rehydrogenation properties. For instance, lithium
borohydride destabilized with MgH2 and small quantitates of TiCls, showed reversible
hydrogen storage of 8-10 wt.-% at 315-400 °Cl’'l. With the MgH2 addition, the
hydrogenation/dehydrogenation enthalpy was lowered by 25 kJ/(mol Hz) compared to
pure LiBH4 (Table 1.2).

Sodium borohydride (NaBHa4) is widely used as a reducing agent and has a

high potential to be used as a hydrogen storage material. The practical application has
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been hindered by its high stability, leading to desorption temperatures above 500 °CI®31.
Considerable progress has been reached with many additives (Co-, Pt-, Ru- -based
catalysts) for the initiation of the hydrolysis of NaBHsl’2. However, the low-cost
regeneration pathway of NaBO2 formed during the hydrolysis reaction remains a critical
issue.

Magnesium borohydride (Mg(BHa4)2) has a high gravimetric hydrogen density
and also favorable thermodynamics (Table 1.2) that permit reversible hydrogen
release under moderate pressure and temperature!®>73. However, the extremely slow
kinetics of the reversible hydrogen release and hydrogenation conditions (950 bar at
400 °C for 108 h)l"4 are daunting challenges. Many attempts were made in order to
lower the temperature required for the hydrogenation reaction through catalytic
enhancement. Bardaiji et al.["%] have shown that small amounts of transition metal (TM)
additives (PdCl2, TiCls, VCIs, MoCls, RuCls, CeCls, and NbCls) decrease the
decomposition temperature of Mg(BH4)2 by more than 100 °C. However, no
hydrogenation was observed for discharged material MgB2 mechanical milled with
2 mol% of a variety of additives (NiClz, RuCls, Pd, FeCls, CuCl2, and TiCl3)l"4. In
contrast, by mechanical milling of MgB2 with MgH2 or Mg, the formation of magnesium
borohydride at 300 °C under 700 bar was achieved!’®l. Another Mg-based system (LiH-
MgB2) can be hydrogenated even at lower pressure 50 bar Hz at 350 °C, with the
addition of Ti-containing compounds (TiF4, TiO2, TiN, and TiC)I""l.

Up to now, for most of the metal borohydrides, the reversibility under moderate
conditions has not been yet achieved. Moreover, boron hydrides suffer from the
disadvantage that volatile boranes are possible decomposition products, which lead to
a reduction of hydrogen capacity and are fatal for the fuel cell system. For the
mentioned reasons, many research groups have been focused on complex aluminum

hydrides.
1.4.2 Alanate-based systems

Light complex aluminum hydrides, such as NaAlH4, LiAlH4, KAIH4, etc., have
been intensively investigated as potential candidates for solid-state hydrogen storage
due to their relatively high capacity, moderate absorption/desorption conditions, and
good reversibility in the presence of catalysts. In general, the alkali metal alanates are
less stable than the alkali metal borohydrides with decomposition temperatures of 60
to 300 °C, however, they have low gravimetric hydrogen storage capacity (Table 1.2).
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The attractive feature of alanates is related to their easy accessibility. Aluminum
is cheap, plentiful, and widely used metal in 21st century technologies. For example,
sodium alanate can be prepared starting from cheap industrial chemicals via ball-

milling with the doping agent under a hydrogen pressurel!:

dopant
NaH + Al ——> NaAlH, (1.1)
8 MPa H,

ball milling
Sodium alanate (NaAlH4) is amongst the most advanced and intensely

investigated materials for hydrogen storage, with a theoretical gravimetric capacity of
7.5 wt.-% H2. However, in practice, only about 5.0 wt.-% of hydrogen release was
reached so far. The dissociation of NaH, responsible for the release of 1.9 wt.-% Hz,
takes place above 450 °C, making this step unsuitable for practical applications. Even
if it seems evident that its performance will be not useful for on-board applications, it is
considered promising for stationary purposes.

In 1997, Bogdanovic et al.[’® demonstrated that the kinetics of the sodium alanate
system could be strongly improved by adding a few molar percent of Ti-based
compounds. It was the first indication that Ti worked catalytically for dry materials and
that the system could be reversibly operated under practical conditions. This
fundamental study created an entirely new prospect for lightweight hydrogen storage.

Despite catalytic enhancement, the dehydrogenation kinetics of sodium alanate
still remains a huge obstacle. Different C-based materials®®-82l and metal halides(®3-8¢]
were claimed to be able to destabilize NaAlH4, significantly reducing dehydrogenation
temperature of the different steps. The role of the additive during the
hydrogenation/dehydrogenation reaction remained unclear mainly due to difficult
analytical problems. Moreover, most of the catalysts were found to react with the
hydride, decreasing the gravimetric capacity of the system and its whole storage
performance.

Lithium alanate (LiAlH4) was synthesized in the late 1940s and was widely used
as a reducing agent in organic chemistry, but attained increased attention as a
hydrogen storage material after the discovery of the Ti-catalyzed sodium alanate
systems. LiAlH4 has a theoretical gravimetric capacity of 10.5 wt.-% H2 and releases
hydrogen in the following three stepsl®’:
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150-175 °C

3LIAIH, — = Li;AlH, + 2Al + 3H, (5.3 wt.-% H,) (1.2)
180-220 °C

Li,AH, —— 3LiIH+AI+3/2H, (2.6 wt-% H,) (1.3)
~400 °C

3LiH +3AI —— 3LiAl + 3/2H, (2.6 Wt.-% H,) (1.4)

The working temperatures for the first two steps could be attractive for practical
applications, but the desorption kinetics is still far from the practical targets. Several
strategies have been applied in the last few years to overcome these limits. For
example, ball milling[® and catalysts addition (e.g. TiCls, ZrCls, VCls, NiCl2, etc. )%
tend to lower the decomposition temperature and to improve the dehydrogenation
kinetics, but does not enable rehydrogenation. A way to overcome the energy barrier
preventing rehydrogenation of LiAlH4 is to use a solvent-mediated synthesis route by
applying hydrogen pressure to slurries of LiH and Al in THFE' or Me2O2,

The known alanates of metals from other groups of the periodic table are
considerably less stable than those previously described. The several
thermodynamically unstable transition metal aluminum hydrides with a high
hydrogen content like Ti(AlH4)4 (9.3 wt.-% H2)1%3, Fe(AlHa4)2 (6.8 wt.-% H2)P4, Zr(AlHa4)4
(7.5 wt.-% H2)®% or In(AlHa4)3 (5.8 wt.-%)®%! are described. The general synthesis of
transition metal complex aluminum hydrides M(AIH4)» (M= Ti, V, Co, Mn, Fe, Cu, Zr,
Nb, Ag, Ce, Ta, etc.) is carried out at very low temperatures, between -110 and -80 °C,
due to their very low decomposition temperaturel®*°6.971. For instance, Ti(AlHs)s4 and
Fe(AlH4)2 start to decompose slowly above -110 °C®4, In(AlH4)3 at -40 °C®®l, and
further release hydrogen while heated to room temperature. Among these transition
metal alanates yttrium tetrahydroaluminate (Y(AlHa4)3, 6.6 wt.-% H2), is exceptionally
stable and starts slowly to decompose at room temperaturel®’l. Upon heating, this

alanate decomposes via a four-stage dehydrogenation process!®’l:

80-170 °C

Y(AIH,), — YAIH, + 2Al + 3H, (1.5)
170-250 °C

YAH;, ——YH, +Al + 3/2H, (1.6)
250-300 °C

, —— YH,+1/2H, (1.7)
>350 °C

YH, + 3Al — YAl +H, (1.8)

The recent study!®’ confirmed that yttrium alanate can store hydrogen reversibly
at about 140 °C, which holds promise for low-temperature applications. An amount of
3.4 wt.-% H2 can be released at 140 °C from the first dehydrogenation step of Y(AlH4)s,
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and reversibly absorbed at 145 °C and 100 bar Hz. In contrast, yttrium borohydride,
Y(BH4)3s (9.1 wt.-% H2), starts to release hydrogen at about 190 °C and the
dehydrogenated material can be rehydrogenated at 250 °C and p (H2) = 350 barl®l.

A number of different experimental approaches can be applied to improve the
storage properties of alanates, for example, by tailoring the physical properties of the
materials by anion substitution or chemical reaction with other compounds!®®. These
strategies are of the main interest of this work and will be discussed in detail in this

section and the chapter related to solid-state hydrogen storage.
1.4.3 Nitrogen-containing complex hydrides

The chemistry of N-containing complex hydrides is very rich. Ammonia has a high
hydrogen content (17.3 wt.-%) and can catalytically split into H2 and N2, however, the
decomposition of NH3 and subsequent hydrogen separation and purification from toxic
NHs hampered the commercialization of this materiall'®l, The simplest ammonia-
based compounds (BH4NH4, BH3NHs, AlH3NH3) have very high hydrogen content,
which can be delivered by heating via a multistep decomposition process. Up to date,
ammonium borohydride (NH4BH4) has the highest hydrogen content of solid-state
materials (24.5 wt.-% H2) reported so far. The release of about 20 wt.-% hydrogen from
NH4BH4 at temperatures <160 °C was reported!'%l. However, its short lifetime at room
temperature hampered its application for hydrogen storage. Ammonia borane
(NHsBHs) releases about 19.6 wt.-% of hydrogen in three decomposition steps forming
polymeric products [NH2BHz]n (90—120 °C), [NHBH]» (120-200 °C) and finally boron
nitride BN (>500 °C)I'92.103 However, the direct hydrogenation of the spent material
would require substantial energy input'®. Alternatively, Sutton et al.['® has
demonstrated that polyborazylene (BNH) can be converted back to ammonia borane
(NH3BNs3) with hydrazine (N2Ha4) in liquid ammonia at 40 °C within 24 h (Scheme 1.1).

-5 H,
4 “BNH” 5 N2H4’)
10 H,

10 NH,
4 NH;BH; 5N, )
+15 H,

Scheme 1.1 The overall reaction mechanism for the ammonia borane
regeneration from polyborazylene using hydrazine. Modified from("%9],

Ammonia borane can be also regenerated from the dehydrogenated BNH-waste
via regenerative procedure applying hydrochloric acid, amine, and molecular

hydrogenl'06],
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Numerous combinations between B-N-H-based compounds and alkali or alkaline
earth metal have been investigated, for example, metal hydrazinoborane (MN2H3BH3),
metal borohydride ammoniates (M-BHs+—NH3s), metal borohydride amides (M—BHs—
NH2), metal borohydride-ammonia borane complexes (M-BHs—NH3BH3), metal
amidoborane  ammoniates  (M(NH2BH3)axNH3), and metal amidoboranes
(M(NH2BH3),)197.1081 " Generally, these hydrides show high gravimetrical and
volumetrical hydrogen storage capacities and release hydrogen below 150 °Cl'%8l, The
main drawbacks that hamper the widespread utilization of B-N-containing composites
are the possible evaporation of toxic ammonia and boranes during the hydrogen
evolution and the limited cyclability of the spent material.

In recent years, the strategy of using double-metal cations to adjust the
temperature and purity of dehydrogenation of ammine borohydrides was
reported('%%.11%1  Introducing another complex-forming element allows to tune the
stability of bimetallic complexes and to obtain the material with the desired properties.
Interestingly, the complex-forming metal, possessing higher electronegativity, is
determining the stability of the bimetal borohydride. The relationship between the
Pauling electronegativity of the metal cation which coordinates to the [BH4]" group and
the thermal stability of the metal and bimetal borohydrides has been established!'%8l.
The higher the electronegativity of the metal the lower is the decomposition

temperature of the complex (Figure 1.4).

400 OLiBH,
] Oca(BH,), o L
350 - Destabilization Stabilization
300
{--.._ ®WCa(BH)-2NH - Y(BH),
250 I "y, = DMQ(BHt)z
) | e ‘ o+ LiMO(BH,) 2NH, AI(BH,) ‘6NH_
c:.- 200 Li(NH) BH "= . .[M.‘QLBI:;:ZBT_'N;': Li,AI(BH,) -6NH_
8 . mY(BH)ANH .. ** s /NaZn(BH‘)J-ZNHS
150 - '\ T |a” L En(BH) 2NH,
1 “--.._~NaZn(BH)
100 - LiSc(BH,) -4NH, c"/' ., 8
] E}IV(BH‘)J-:?-NI-'I; s,
- “Li,Al(BH
09 omeH,), il
0. ®Destabilized M(BH,) -nNH, OAI(BH ),
| mStabilized M(BH,)_-nNH, R
m o"Zn(BH,),
-50 —_— -

LI T
10 11 12 13 14 15 16 1.7 18 1.9
xp Of M

Figure 1.4 Thermal decomposition temperature of metal borohydrides and metal
borohydride ammoniates plotted as a function of the central metal electronegativity!?%8,
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In addition, ammonia has a destabilizing effect on metal borohydrides (Fig. 5)
with low metal electronegativity (xp < 1.6), while metal borohydrides with high
electronegativity (xp > 1.6) are generally stabilized['%”-""]. For example, the highly
unstable borohydrides Al(BH4)3 and Zn(BHa4)2 are stabilized by the complexation with
ammonia (Figure 1.4). In contrast, lithium borohydride is destabilized when ammonia
is introduced into the complex. The destabilization is likely caused by dihydrogen
elimination from protic and hydridic hydrogen in N-H°*---H°"-B dihydrogen bonds.
Thus, the introduced metal cation plays a crucial role in the destabilization of N-B/B-H
bonds and in the suppression of ammonia release in metal borohydride
ammoniates!'?. Several of these metal borohydride ammoniates have been
considered as potential hydrogen storage materials, for example, LiSc(BH4)4-4NH3 and
V(BHa4)3-3NH3["'% can release 15.1 and 14.3 wt.-% high-purity hydrogen, respectively,
below 300 °C.

Aluminum complexes with B- and N-based hydrides have also been widely
investigated in recent years, e.g. metal aluminum amides M[AI(NH2)4]n''3l, aluminum
amidoboranes M[AI(NH2BH3)4]"14], aluminum ammine borohydrides
Al(BH4)3-nNH3l115.116] and metal aluminum ammine borohydrides
M[AI(BH4)m'nNH3['%l,  The partial reversibility ~was demonstrated for
Na[Al(NH2BH3)4]l""41, which can release up to 9 wt.-% of pure hydrogen at about 70 °C.
The dehydrogenated material can reversibly absorb about 27 % of the released
hydrogen at 250 °C and p(Hz2) =150 bar. The novel Al(BH4)3:NH3BH3s complex
(17.7 wt.- %) releases hydrogen (Scheme 1.2) at temperatures below 100 °Cl'7],

which is considerably lower compared to pure NH3BH3!%3],

/I

N/H

H
\_/ H

B \(‘B—N/),
i \H b H/n

H HoZ, /aH H -2nHz Y Hoo | 4H i
n \B) \AI/ \B/ e \B/ \AI/ \B/

H™ ’H\H\ \‘_;H‘ H H \H/H‘ H
”/«.B/ ”/».B/
N %
H H H H

Scheme 1.2 The first decomposition step of Al(BH4)3:NH3BH3[""71,

Interesting studies were reported regarding the interactions between some
alanates and ammonia borane composites NH3BH3—MAIH4 (M = Na, Li)''811°l The
novel mixed-metal (Li, Al) amidoborane compound can release up to 9 wt.-% Hz at a

temperature of 130 °C within 200 min. However, the regeneration yield was only 35%
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based on the post-milled materiall''€l. The amino-alanate-borane based system could
overcome the barrier of by-product gas emission, which was observed in metal
borohydride or amino-borane systems.

Quite recently, the lithium-amide-hydride (LiNH2-LiH) composite system has
been investigated as a possible candidate for hydrogen storagel®2641201. Chen et al.[64]
illustrated the absorption of about 10.5 wt.-% of hydrogen by LisN at 285 °C. The
following reaction path for the reversible hydrogen storage in this system was

suggested:
LiNH, + 2LiH <—> Li,NH + LiH +H,=<—> Li,N + 2H, (1.9)

The decomposition reaction starts at T = 180 °C, which is lower than the
temperatures of the individual reactants, i.e. 300 °C for LiNH2!"2" and 370 °C for LiH[®7,
Generally, the dehydrogenation of the amide-hydride system suffers from sluggish
kinetics that might be caused by interface reactions, nucleation, and diffusion
processes. Small amounts of TiCls as dopant were found to have a strong accelerating
effect on this reaction and might act as a transfer agent for the intermediate NHs to
LiH. The product desorbs 5.5 wt.- % of hydrogen in the temperature range from 150 to
250 °C upon heating without the emission of ammonial®2,

The partial cation substitution of Li with more electronegative elements (e.g. Mg)
would weaken the Li-N and N-H bonds, thus decreases the dehydrogenation
temperatures of the complex['?2. The thermodynamic destabilization can be achieved
by the optimization of the composition of the system. The Mg(NH2)2 and LiH mixture
decomposes at a lower temperature compared to the LiNH2 system[®7:123], The overall
reaction, with the hydrogen release of about 6.9 wt.-%, may take the following reaction
pathl67l:

3Mg(NH,), + 8LiH =—= Mg,N, + 4Li,NH + 8H, (1.10)

The hydrogenation of the obtained mixture takes place at 200 °C under 30 bar of
H21671 with the transformation into the original mixture of Mg(NH2)2 and LiH (eq. 1.10).
Very recently, it was published, that small quantities of K-containing compounds
(0.08 mol% of KCI and KOH) reduce the dehydrogenation temperature down to
154 °C, with the reversible absorption/desorption of 4.6 wt.-% of hydrogen with
improved kinetics!'?4,

There are a lot of other possible combinations of complex hydrides, which have
high hydrogen content and good reversibility at moderate conditions. Nowadays, the

main research is focused on the development of an N-based system with fast
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dehydrogenation/hydrogenation kinetics and without the evolution of ammonia during
hydrogen release.

Summarizing, some hydrides can meet the DOE target for Hz storage capacity,
however, their high discharge temperature and poor cycle performance remain
roadblocks to their successful implementation in real-world systems. The possible
applications could be the stationary hydrogen storage or combination of complex
hydride with a high-temperature fuel cell (HT-PEM)['8], to provide energy for example

for continuous operation for telecommunication satellites.

1.5 Summary

The latest advancements that have been made on different hydrogen storage
materials and technologies have been highlighted in this chapter. Among gravimetric
and volumetric hydrogen storage capacities, other factors such as reversibility,
thermodynamic stability, kinetics of absorption and desorption, etc., need to be
considered for developing a practical hydrogen storage system.

The recent research efforts in hydrogen storage materials have been
predominantly devoted to light metal-based hydrides. The progress in the reversibility
of the hydrogen release reaction and the effect of additives on the
dehydrogenation/rehydrogenation reactions of potential hydrogen storage materials
have been summarized. In addition, the advantages and drawbacks of the promising
solid-state hydrogen storage systems have been outlined.

The potential of Al- and B-based material for hydrogen storage applications have
been emphasized. However, there are many problems associated with their use,
including unfavorable kinetics requiring heating and susceptibility to contamination by
released impurities. Borohydrides systems exhibit limitations such as the high
temperature of dehydrogenation, lack of reversibility, slow kinetics of dehydrogenation
and hydrogenation, the evolution of diborane during hydrogen release.

Since the discovery of the doped alanate in 1997, this chemical system is
probably the most widely studied type of hydrogen storage materials. However, until
now the temperature required to release hydrogen at usable pressures is still too high
for practical applications of this system. A class of metastable (kinetically stabilized)
hydrides (e.g. Y(AlH4)3) offers some new hope with high volumetric and gravimetric
energy densities and low decomposition temperatures (<150 °C).

The combination of the different systems is now the new approach to overcome

the drawbacks of each system alone. For thermodynamic tailoring, a second or even

36



1 INTRODUCTION

third component is added to a hydrogen storage material, which can open up new
reaction pathways with different thermodynamics. It may be a prospective way to
stabilize or destabilize the decomposition reaction. In this respect, the materials based
on Al/B and N are assumed to hold the best promise as hydrogen carriers, and further
research in this field may significantly support the implementation of a hydrogen-based

economy.

37



2 GENERAL CHARACTERIZATION METHODS

2 GENERAL CHARACTERIZATION METHODS

This chapter presents the description of the physical processes characteristic and

applied measuring techniques used in this work.

2.1 X-ray crystallography
2.1.1 X-ray powder diffraction (XRPD)

XRPD patterns were recorded on a BRUKER D2 Phaser X-ray diffractometer with
a Lynxeye® detector (CuKa radiation: 1.5406 A). The X-ray tube is operated at 30 kV
and 10 mA. Measurements were performed with a step size of 0.05° and 1s dwell time.
Samples for XRPD analysis were prepared on an iron sample disk inside the glove box
and were covered with polyethylene foil to protect the material from contact with air or
moisture during the measurements. The polyethylene foil shows two diffraction peaks
(26 = 21.5 and 23.7°) and the iron sample holder at 43 and 44° 26.

2.1.2 Single-crystal structure analysis

The obtained crystals were transferred from the Schlenk flask into a drop of
hydrocarbon oil. A suitable crystal was attached to a glass fibre, and immediately
placed in the low-temperature nitrogen stream. Single-crystal X-ray diffraction data
sets were collected with w-scans on an ‘IPDS-2(T)’ diffractometer (STOE, Darmstadt,
Germany) at 160(2) K using Mo Ke-radiation (4 0.71073 A). Absorption correction was
performed with XShape using integration correction type. Structures were solved by
direct methods with ShelXS['?% and all non-hydrogen atoms were anisotropically
refined in full-matrix least-squares cycles against |F?| (ShelXL)!'?¢l. C-bound hydrogen
atoms were isotropically included in the refinement in idealized positions (riding
model). The coordinates of Al-bound hydrogen atoms were (isotropically) refined using
SADI restraints to stabilize refinement of adjacent H atom positions of disordered Al-H
groups. Cif-files have been deposited with the Cambridge Crystallographic Data
Center (CCDC) and can be obtained by quoting the following reference numbers:
CCDC 2016259 (2) and 2016260 (3).

2.2 Thermal analysis

Thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC)
measurements were performed using Sensys DSC (SETARAM, France). The 5-10 mg

of powder sample was weighed and placed into the alumina or aluminum crucible

38



2 GENERAL CHARACTERIZATION METHODS

inside the glove box. For protecting very sensitive samples during transfer to the
measuring equipment, the samples were covered with a layer of dry Al203 powder
(dried at 900 °C). All measurements were performed under argon atmosphere with the
heating rate of 5 °C/min from room temperature (25 °C) to a set point given to each
compound individually. Data were collected and analyzed using the Calisto (AKTS,
SETARAM) software. The obtained data were used for the determination of the melting
point of the samples. Some data collection was also performed in the collaboration
with the Max-Planck-Institut fir Kohlenforschung (Mulheim) using a Mettler Toledo
TGA/DSC 1 (heating rate: 1 °C/min) with a gas flow controller GC 200 (argon flow:
50 mL/min) combined with a ThermoStar GSD 300 T2 MS gas analyzer for the

detection of the released gas.

2.3 Quantitative chemical analysis
2.3.1 Elemental analysis

Determination of C, N, and H contents was performed using a Vario MICRO-cube
analyzer. In a typical procedure, ~5 mg of the sample were tightly packed into a tin-foil

inside the glove box and then moved outside for the analysis.

2.3.2 Inductively coupled plasma optical emission spectrometry (ICP-OES)

The determination of the Al-content was performed by ICP-OES and measured
with iICAP 6500 (Thermo Scientific). For preparing the analyzing mixture, the sample
(~40-60 mg) was dissolved in 5 ml of the deionized water and was treated with 3 ml of
concentrated hydrochloride acid until the complete dissolution of the solid sample. The
mixture was diluted with deionized water in a ratio of 1:150. The obtained Al-values

were corrected by measuring “blank” solution prepared in the same manner.

2.4 Nuclear magnetic resonance spectroscopy (NMR)

H, 3C, ?’Al NMR spectra were recorded on Bruker Avance Ill 500 MHz ('H
(500.13 MHz), 3C (125.76 MHz), ?’Al (130.3 MHz)) or Bruker Avance Neo 700 MHz
("H (700.13 MHz), 3C (176.1 MHz)) at 20 °C. The chemical shifts for 'H and "3C spectra
are given in ppm (d) relative to SiMe4 as an internal standard or the residual signal of
the deuterated solvent (CeDe, "H & = 7.16 ppm, '®C & = 128.06 ppm) and for Z7Al
externally referenced to AI(NO3s)s in D20 (1.1 mol/L). In each case, the remaining
solvent was removed from the sample before dissolving it in a deuterated solvent. The

broad featureless 2’Al resonance at & ~ 65 ppm is due to the NMR glass tube, found
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in all 27’Al NMR spectra. NMR signal assignments are supported by additional 2D
experiments.

2D 'H-"H COSY spectra were obtained with a phase sensitive pulse program
including double quantum filtering (cosygpmfphpp) using the following parameters:
8.5 ppm spectral width, 16 dummy scans, 4 scans, 256 experiments for the indirect
dimension, and zero filling to 1k data points in F2 and F1, respectively. 2D '"H-13C
HSQC spectra were collected with a multiplicity edited pulse program
(hsqcedetgpsisp2.3) experiment using the following acquisition parameters: sweep
width for "H = 16 ppm, 3C = 160 ppm, 4 scans, 32 dummy scans, 256 experiments for
the indirect dimension, and zero filling to 1k data points in F2 and F1, respectively.

Typically, 20-30 mg of the sample were diluted in 0.7 ml of deuterated solvent,
stored in a glove box. After filtering with a 2 mm PTFE filter, the obtained transparent
solution was transferred into a 5 mm NMR tube. NMR spectra were analyzed by using

the TopSpin software.
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In this chapter, the important goal was to acquire a fundamental understanding
of reversible hydrogen storage in an Al-N-based system. So far, only a few systems
have been studied in this field, and only liquid hydrogenation has been successfully
shown. The primary goal of this work was to develop the Al-N-based system that may
store hydrogen reversibly in the solid state.

The introduction part of this chapter highlights the recent progress made in the
development of liquid-phase organic and organometallic systems for chemical
hydrogen storage, along with their advantages and drawbacks, with particular
emphasis on the development of heterocyclic compounds. A number of N-based
compounds as potential materials for hydrogen storage systems have been described.
In addition, this chapter highlights the main achievement in the field of hydrogen
storage in Al-N-based systems, as well as other liquid carriers that are capable to store
hydrogen.

The present contribution has been focused on the exploration of Al-N-based
compounds as possible hydrogen storage materials. In order to search for a practical
system, several amine-alane complexes and aminoalanes have been synthesized and
tested for their ability to store hydrogen. The systems, which showed the hydrogen
uptake, in the tested pressure and temperature ranges, have been further developed,

and their properties have been investigated in detail.

3.1 State of the art
3.1.1 Liquid-state hydrogen storage materials

An auspicious alternative to a conventional approach of hydrogen storage is to
use unsaturated organic compounds that have a high capacity to bind hydrogen
covalently. Hydrogen storage in these materials is achieved by catalytic hydrogenation
and subsequent dehydrogenation of the organic compounds. In such a reversible
process, the material is not consumed and can be reused for hydrogen storage. In
contrast to the physical trapping of hydrogen gas in porous materials, the systems
appear as high-boiling liquids that do not require compression or cryogenic
procedures.

One of the possible solutions for liquid hydrogen storage is to use liquid organic
hydrogen carriers (LOHC) which are also referred to as “liquid organic hydrides”. Early

research on liquid organic hydrides for chemical hydrogen storage has been focused
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on hydrocarbons, using a catalytic reaction pair through the dehydrogenation of
cycloalkanes and hydrogenation of the corresponding aromatics. Various organic
liquids with potentially commercially applicable properties have been considered as

hydrogen storage materials!36.127-136l:

» Cyclohexane/benzene, 7.2 wt.-% Hz, AH= 68 kJ/mol Hz
Methylcyclohexane/toluene, 6.2 wt.-% Hz, AH= 73 kJ/mol H2
N-heptane/toluene, 8 wt.-% Hz, AH= 63 kJ/mol H2

Decalin or tetralin/naphthalene, 7.3 wt.-% H2, AH= 66 kJ/mol H2
Bicyclohexyl/biphenyl, 7.3 wt.-% Hz, AH= 67 kJ/mol H2
Perhydroterphenyl/terphenyl, 7.3 wt.-% H2

Methanol or formic acid/COz2, 12.1 or 4.3 wt.-% H2, AH= 32 kJ/mol H2

The hydrogenation of aromatic compounds is usually exothermic and the reaction

VvV V.V V V VY

rate is determined mainly by the efficiency of the catalysts, which generally include
supported noble metals (Ru, Rh, Ir, Pd, or Pt). However, the reverse can be conducted
only at elevated temperatures (200-400 °C). Thus, the target application of cyclic
hydrocarbons is not on-board hydrogen storage. The organic chemical hydrides can
be useful as storage media to buffer seasonal changes in demand and supply of
renewable energy or for long-term storage and long-distance transportation of
hydrogen to fulfill the producer-to-customer chainl'37],

For the tailoring of dehydrogenation enthalpy of hydrocarbons, several strategies
can be applied, such as fused ring compound, heteroatom replacement, and electron-

donating substitution (Fig. 3.1).

AH, = 73.6 kJ mol' H,

ing Electron-donating
Fused ring Heteroatom replacement\ s g
compounds substitution

AH, = 66.0 kJ mol! H, AH, = 67.3 kJ mol! H, AH4=65.6 kJ mol! H,

Figure 3.1 The possible strategies to tune the dehydrogenation enthalpy of
cycloalkanel’3¢].
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Numerous theoreticall'3®140] and experimentall#!.142] studies have validated that
the partial substitution of carbon atoms in the ring by the heteroatom could help
substantially decrease the enthalpy of dehydrogenation and therefore improve
hydrogen release at low temperature. Organic aromatic compounds containing the
heteroatoms (e.g. O, N, B) have attracted the most interest because of their thermal
stability, high storage capacity, and reasonable hydrogenation/dehydrogenation
conditions('43-146],

A wide range of N-heterocyclic compounds was investigated as liquid hydrogen
storage carriers!'4-14°]. The catalytic dehydrogenation rates of these compounds were
increased by incorporating electron-donating or conjugated unsaturated substituents.
The hydrogen stored in these systems (Table 3.1), can be facilely released for use by
catalytic dehydrogenation of the latter in the presence of supported heterogeneous
catalysts at less than 250 °C['41.142],

Table 3.1 Comparison of hydrogenation/dehydrogenation conditions for N-
substituted heterocycles.

Dehydrogenated @ Hydrogen Operating conditions

Storage media form capacity TulTo, P, Catalyst for Ref.
°C bar hydrog./dehydrog.
NH,
4-aminopyridine | N 6.0wt-% 160/170 70 Rh-C / Pd-SiO2 [147]
N/
X
2-(N- | 150 / 1 0or5wt.-%
methylbenzyl)- NT 6.15wt-% 500570 50 Ru-AlOs/1wt-% [(150]
pyridine Pd-C
CH,
A\ 0
N-ethylindole (ij> 523wt-% 160-190 90 55":,’5{_/;0 Ff;gjjg%z’ [151]
\\CH
3
NcH ., 120-170/ 5 wt.-% Ru-Al203 /
- i - - [152]
2-Methylindole N 3 5.7 wt.-% 160-200 70 5 Wt.-% Pd-AlOs
H
Cp*Ir- complex
, H,C 110 or .
2,6-dimethyl-1,5- T 6.0wt-% 130/ 70 (Cp* - [153]
naphthyridine N SN e 138 pentamethylcyclop
s entadienyl)
O 3 (141,14
N-ethylcarbazole | 58wt-% 190-1907 2, Ru/ Pt or Pd
N 150-170 2,154]
o,

* Tu — hydrogenation temperature, To — dehydrogenation temperature, Py — hydrogenation pressure
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Among other N-heterocycles, N-ethylcarbazole (5.8 wt.-% H2)['541%%]1 has been
considered as one of the most promising liquid organic hydrogen carriers in a view of
good reversibility and mild dehydrogenation temperature. Recent studies have also
demonstrated the potential of indole and pyridine derivatives!'47.151.152,156] g5 alternative
hydrogen storage materials. The hydrogenation of N-heterocyclic systems usually
proceeds under pressure lower than 100 bar in the temperature range 110-190 °C over
Ru-supported catalyst. The dehydrogenation usually takes place at a slightly higher
temperature over Pt or Pd-based catalyst.

Recently, boron-nitrogen-based hydrides, a new class of liquid hydrogen storage
materials, was recognized as one of the most promising material to store and transport
hydrogenl!'?7.1571 B N-heterocycles (e.g. 1,2-B,N-cyclohexane, 3-Methyl-1,2-B,N-
cyclopentane), linear B-alkylsubstituted ammonia borane derivatives (e.g.
methylamine-borane, diethylamine-borane), might be excellent candidates for
hydrogen storage, owing to their higher hydrogen capacities!'4>146.1%8 | uo et al.l'46]
demonstrated that B,N-methylcyclopentane releases hydrogen (4.7 wt.-%) to form a
trimer by both catalytic (in toluene at 80 °C for 20 min, in presence of 5 mol% FeCl2)
and thermal (without solvent at 150 °C for 1 h) pathways. The regeneration of the spent

fuel was performed by treatment of the dehydrogenated product with methanol and

g B(OCH,),
LiAIH, CH,OH
CH.Cl, RT, 12h
RT, 12h

3

in toluene
| M, 5 moi% FeCl, B—N
BH:2 80 °C, 20 min N B cH
H.G or 150°C, 1h 3
3

Charged fuel 6 H, H,C /U Spent fuel

Scheme 3.1 Hydrogen storage cycle in B,N-methylcyclopentane. Modified
froml46],

lithium alanate:

Very recently, Winner et al.l'5 have reported the partial rehydrogenation of B,N-
substituted aminoborane and has shown the mechanism of H*/H- exchange between

ammonia borane and iminoborane:
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D tBu H
D\é/D IL THF-d, D\B/tBu DB~ “\BD
3 'L | — r|\|1 « |+ 5HD
AT H N tBu”  H \B/NH
H | D
tBu
H {Bu B
H\I!%/H I|3 THF-d, H\B/ﬂ?’u HB” NBH
3| s —— « | | + 5HD
p—N=D N e N \B/ND
D | H
tBu

Scheme 3.2 Hydrogen transfer from ammonia borane to iminoborane. Modified
froml759],

In the last years, there was observed a tendency for hydrogenation of the
materials in a liquid state, which was not possible in the solid-state. For example, up
to date, there are no reports of the use of LiAlH4 for reversible solid-state hydrogen
storage. However, the unfavorable thermodynamics of the reversible reaction may be
altered by carrying out the hydrogenation in the solvent, which plays the role of
stabilizing agent for lithium alanate formation. In early 1963 Ashby et al.l'®% produced
LiAlH4 from the mixture of LiH and activated Al in THF or diglyme at 350 bar of H2 and
temperature 120 °C. Recently, this synthesis has been improved by using Ti-doped
aluminum to significantly lower the required hydrogenation pressure and
temperaturel®'l. The Ti-doped LiAlH4 system can operate as a reversible hydrogen
storage media that can release up to 7 wt.-% at 80 °C and can be recharged almost
quantitatively by employing dimethyl ether as a solvent!®?,

In summary, it is worth emphasizing the main advantages which offer liquid
carrier as the hydrogen storage system[61.162];

e The supply of COx free hydrogen.

e Easy transportation using conventional methods for liquids (pipelines, railcars,
tanker trucks).

o High compatibility with the existing fuel station infrastructures.

e There are no high requirements on the liquid carrier tank compared to the gas
tank.

e The long-time storage of large quantities of material under ambient conditions
without detectable losses.

e The exhaust heat of an internal combustion engine can be used as input for the

endothermic onboard dehydrogenation reaction.
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Thus, the use of the liquid organic hydrides in the hydrogen economy could be
envisaged as a transition step from the existing fuel infrastructure to the one based

on hydrogen.

3.1.2 Al-N-based compounds as potential materials for hydrogen storage

It has been already mentioned in the introduction chapter (section 1.3) that the
direct hydrogenation of aluminum to alane requires extremely high pressure, and
therefore has been considered not useful for hydrogen storage purposes. This barrier
can be substantially reduced by the addition of Lewis bases (lone pair donors) to form
ligand-stabilized adducts. For example, aluminum hydride can easily react with X-H
bonds (X being various heteroatoms!'63-171) with X = nitrogen being particularly
interesting for this study, to generate Al-N compounds!'’>-174 often referred to as
aminoalanes.

In general, aminoalanes display a wide variety of interesting structures (Fig. 3.2)
by a marked tendency to oligomerize through the formation of Al-H or Al-N bridges.
The substituents on the nitrogen or aluminum atoms substantially affect the structural
nature of aminoalanes, which usually may be monomers, dimers, trimers, or tetramers

similar to aminogallanes and aminoboranes!'75-181],

H RN H H NR H H
3 . 2 1
R3N—>AI4, ~/ N/ / \ 4
\ M Hwe AL A'QHH / / \ Al
H H NR3 \ 2 RzT/ \TR2
H
| NR, ,
R;N——A—~NR, M / \ / \2 H /AI\NR/AII ,,,,,, H
H 2
H R, N / \ RN / \ / \H H
NR2 2 Rz\ IV /R1
R,;N—AI,, RN /AI N
NR, Re / \ R, N /N oNRz Ry AI/
Al Al R
NR 2 R, N/ \ / \NR2 . N\\\‘\.- \NR | 2
2 2 ; \R
/ld,// 2 / R ’L/ 2
NRY  “NR, Ry R,

Figure 3.2 Structure types of alane derivatives of amines with R = H or alkyl
moieties: |) monomers; 1l) dimers; Ill) trimers; 1V) hexamers.

Very few monomeric alane adducts (l) with several structural differences for
(L-AlHs), (L2-AlHs), and (Ls-AlH3) have been reported. The monomeric molecules, in
which both Al and N are four coordinated (e.g. (quin)-AlH3 (quin — quinuclidine)!'®4],

TEA-AlH3 (TEA - triethylamine)l'®]), normally gain extra stability by augmenting the
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coordination of the Al center with the tertiary amino ligand. The less common five-fold
coordinated alane adducts (L2-AlH3) adopt a trigonal bipyramidal arrangement at the
Al center with three equatorial hydrides and two axial donor ligands (e.g.
(NMes3)2-AlH3[183.1841 - (quin)2-AlH3['8]). The formation of a dimer through Al-H-Al
bridges between two alane moieties (e.g. [(mtp)-AlH3l2 (mtp - 1-
methyltetrahydropyridine)'8¢l, [TAA-AIH3] (TAA — triallylalmine)l'®’]) helps to stabilize
the complex when the amine donor cannot fully satisfy the Lewis-acidic aluminum
center.

Secondary amines usually favor the dimeric (II) or trimeric (lll) structures
depending on the substituents R, with an exception of the only one structurally
characterized example of the monomeric species AI[N(i-Pr)2]3'8%. The dimeric
structure either with a cyclic AlH2 (e.g. [(tmp)AlH]2 (tmp - 2,2,6,6-
tetramethylpiperidine)'®l) or an AlN2 core (e.g. [(dmp)2AIH]2 (dmp - 2,6-
dimethylpiperidine)['88l [Eto2NAIH2]2'8%) are preferred. However, when R is relatively
compact, the trimeric structure (Ill) is preferred, as in [Me2NAIH2]3!'%% usually with a
chair like conformation for the six-membered AlsNs ring. The tetramers (IV) are usually
formed by the thermolysis of the dimers with the more hindering R groups
([MeAl(mes)]s (mes — 2,4,6-trimethylphenyl)l'"l) and possesses the cubic AlsN4 core.

The preparation of aminoalanes can be achieved by several approaches applying
the suitable aluminum hydride source. The original method was developed in 1952 by
Wiberg et al.['®? and involved the freshly prepared alane-diethyl ether solution,

followed by replacement of coordinated ether by amine:

AICI, + 3LIAIH, — 4AIH,* Et,0 + 3LiCl (3.1)
Et,O
AlH,* Et,O + NR, —=—> AIH,NR, (3.2)

Later, the direct reaction between lithium alanatel'”? (or sodium alanatel'%l) and

the hydrochloride salt of amine in diethyl ether was proposed:
3LiAIH, + R,;NHCI — AIH;NR, + 3LiCl (3.3)
The exchange reaction is also possible if the amine in the amine-alane complex
can be substituted by the more basic ligand!74.194.19I:
AH,NR, + NR", —> AIH,NR", + NR, (3.4)

Some aminoalanes can be prepared by the direct hydrogenation of catalyzed

aluminum and amine in a liquid medium!'%:197]_ The general reaction can be written:
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Al* + NR, + 3/2H, — AIH,NR, (3.5)

Great interest in numerous of these complexes arises from their applications in
diverse fields, i.e. their use as hydroalumination agents!'®® as precursors or
intermediates for the deposition of aluminum films!'%-201 as reducing agents for
organic functional groupsl?°22031 and others. In recent years, aminoalanes have
attracted significant interest as potential hydrogen storage materials, owing to their
relatively high volume/mass hydrogen density. The simplest amine-alane adduct of
AlHs and NH3?% can liberate in total 12.9 wt.-% of hydrogen by stepwise

decomposition by forming the polymeric species:

-40 °C -20 °C 150 °C
AIH;NH; ———> AIH,NR, ——— -[AIHNH]- ——— -[AIN]
3.9 wt.-% H, 4.3 wt-% H, 4.7 wt-% H,

Scheme 3.3 Hydrogen release from ammonium alane. Adapted from/204],

The existence of protic N-bound and hydridic Al-bound hydrogen facilitates the
release of hydrogen from aminoalanes already at low temperatures, however, a viable
rehydrogenation approach of the “spent fuel” was not yet proposed. Recyclability is
critical to the success of any hydrogen storage system. To obtain a room temperature
stable amine-alane adduct, substituted amines need to be used for an enhanced
stabilization effect.

Graetz et al.l?95-2%8] discovered the perspective approach for AlH3 regeneration
from amine-alane complexes. This pathway involves a three-step procedure in order
to obtain the alane (Scheme 3.4).

H,

for storage

Al* amine'-AlH,

H2 AT

AT, vacuum

AlH, T amine?-AlH,
amine?

Scheme 3.4 The pathway for alane regeneration applying amines and Ti-
activated aluminum. Modified from/207],

In the first stage, the stable amine-alane adduct (i.e. trimethylamine alane
(CH3)sNAIHs, dimethylethylamine alane (CHs)2NC2HsAIH3) is formed by the direct
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hydrogenation of Ti-activated aluminum powder with the corresponding amine. As the
Al-N bond in the formed amine-alane complex is usually very strong, the alane
recovery is impossible, because the complex decomposes at higher temperatures with
the release of hydrogen before the Al-N bond is cleaved. Therefore, this approach
requires the second step, transamination reaction with another amine to form a less
stable adduct (usually triethylamine alane (C2Hs)sNAIH3). Triethylamine alane cannot
be formed by the direct hydrogenation of aluminum, but it can decompose at mild
conditions. Thus, the last step involves the removal of the stabilizing agent at 75 °C
under a nitrogen sweep and the final recovery of the alane.

Murib and Horvitz['®”1 demonstrated a similar three-step process involving
trimethylamine for alane stabilization and triethylamine as a transamination agent, in
the presence of the complex catalyst based on the Group IA or Group |IA metals. The
major concern with this strategy is the large energy investment required for the heating,
as well as for the removal of the solvent and alane separation. Furthermore, while three
steps are involved, the low yield of alane being produced?°?, thus the efficiency of the
whole regeneration process can reach only about 24.2% (well-to-tank efficiency) which
can be improved to ~42.1% by using the waste heat from industrial sources(?19,

Several other tertiary amines are also effective for stabilizing the alane, including
triethylenediamine, quinuclidine, hexamine, and others are shown in Table 3.2. In
almost all cases the (L2-AlH3) adduct is the most stable form. Thus, the total hydrogen
content in this complex is decreased compared to monomer or dimer (e.g.
dimethylethylamine).

Table 3.2 Hydrogenation/dehydrogenation properties of several amine-alane
complexes synthesized from Ti-activated aluminum.

A;rggg' Theor. H, Operating conditions Ref.
Amine adduct capa%ity, Py, bar To, °C
type wt-% (t, ) (to, h)
Triethélel_r;eﬂiamine (1:1) 211 3?82 E?r 1(38 :f)) [51]
6M112IN2
Trirrzgtny)lal:lnine 2:1) 202 1 1(;fhb)ar 1(020;)C [206]
3)3
Dimethylethylamine (1:1) 2 91 72.4 bar 22°C [205]
(CH3)2NC2Hs ) ' (56 h) (10 h)
N-methylpyrrolidine i 69 bar 100 °C [211]
CsH1iN (21) 15 (20 h) (1 h)
Quinuclidine i 64 bar 120 °C [212]
CrHN 1) 119 (24 h) (3h)
Hexamine 65.7 bar 80 °C
: [209]
CeHi2Na (2:1) 0.97 (48 h) (3 h)
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The alane recovery from most of these amine-alane complexes is impossible
since the temperature required for alane separation is higher than the alane
decomposition temperature. Thus, for these adducts only the direct decomposition to
aluminum and hydrogen is possible. The general feasibility of this idea was previously

demonstrated using Ti-activated aluminum[5'-212l:
AIH,NR, == AI* + NR, + 3/2H, (3.6)

In this organic-metal system, hydrogen can reversibly be absorbed/desorbed
simply by changing the pressure during cycling. The hydrogenation reaction is
completely reversible (Fig. 3.3) with a plateau pressure of about 2 bar at 88 °C5"l (in
sharp contrast to the direct aluminum hydride formation from the elements at hydrogen
pressure higher than 7 kbar at 27 °C[*8]), The Gibbs energy was calculated to be equal

AGr98k = -4.63 kd/mol H2 compared to a-AlH3 AGrgs = 32.3 kJ/mol H2l5,

364K 357K 350K 345K
¥ T T T T T T g T

61 Al*+32H, <+ TEDAAH, A 1.0+ AH, =-39.5 kJ +/- 4.1kJ/mol H,
‘ /] A8,= 17 =/- 1-Kimol H,
s{  T=88C &
// | 0.8
4 ’.," P

P, Atm H,
w
N
LnP,,
&
1

{ o~
[] 0.4
14
|
04 0.2 4
-1 UL UL AN DL A PR A S N S T T T T T T T T T
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Figure 3.3 The pressure composition isotherm for TEDA-AIH3 system in n-
undecane (left), the van’t Hoff plot of the equilibrium plateau pressure measured at 72,
80, 86, and 88 °C (W - jn THF,Y - in n-undecane)l’l.

However, several drawbacks are connected to this option, which are low
reversible storage capacity, low reaction rate, and low yield of the amine-alane
complex. Despite these disadvantages, it was shown that aluminum hydrogenation
was possible at low temperatures and pressures. In this process, the activated
aluminum plays a crucial role, which is neither understood nor sufficiently explored yet.
Thus, these examples are very complex and require more detailed study for further
improvement of this regeneration concept.

Very recently, with the help of NMR measurement under deuterium gas, Hatnean

et al.?'3l monitored the reversible transfer of hydrogen into Al-N bonds, i.e. the
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reversible transformation of an aminoalane into an amine-alane adduct at 100 °C in
toluene. The general example of this procedure is as follows:
+H

RAI-NR’, == R,HAI-NHR/, (3.7)

2

This method was originally used as an alternative approach for imine reduction
and at the same time evidenced the reversible hydrogen transfer in aminoalanes
without the breaking of the Al-N bond. Despite the huge potential of this pathway, the
formed amines have large substituted groups such as phenyl and butyl, giving in total
very low gravimetric hydrogen storage capacities.

Since this area is still emerging, a basic study of the hydrogen release and uptake
by other aminoalanes should first be performed. The new concepts of reversible
hydrogen uptake in aminoalanes should be proposed in order to make them attractive

for practical applications.

3.1.3 Summary

A brief survey of the research progress in the development of diverse liquid-phase
chemical hydrogen storage materials, including organic and organometallic chemical
hydrides, with the emphasis on Al-N bond-containing compounds, was presented.
Storing hydrogen in the form of a liquid hydride is a perspective approach for the soft
transfer of the industry from fossil fuels to the hydrogen-based economy. In the past,
liquid organic hydrogen storage materials did not attract much attention because the
dehydrogenation step requires temperatures (up to 400 °C) that are too high for the
practical hydrogen storage system. The investigations of organic molecules with
heteroatom opened up new possibilities in this field. The experimental and theoretical
studies have indicated that the dehydrogenation of N-substituted heterocycles is more
favorable compared to that of cycloalkanes, due to the decreased enthalpy of the
dehydrogenation, making heterocycles more appealing for reversible hydrogen
storage applications. Thus, heteroaromatic systems can offer a practical solution for
the generation, storage, and transportation of hydrogen. The main disadvantage of
organic hydride systems is associated with the usage of expensive noble metal
catalysts.

In recent years, the interest in Al-N-based compounds has been intensively
growing. It was showed, that in the presence of a stabilizing agent (i.e. amine, ether),
the thermodynamic barrier of aluminum hydrogenation is substantially reduced and

rehydrogenation can occur under mild conditions. The divers Al-N-based compounds
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and their derivatives have been extensively investigated. The dual hydridic/protic
nature of Al-H/N—H bonds can be harnessed for chemical hydrogen storage. However,
the issue of the “spent fuel” regeneration is complicated and requires more attention.
Several strategies have been suggested and employed to a range of different
amine-alane systems with varied results, but a real long-term solution for the
regeneration problem is not a present reality. The most successful attempts were
performed by using Ti-activated aluminum in the organometallic approach, where
tertiary amines can be converted to AIHs3 and amine in a stepwise
hydrogenation/dehydrogenation procedure. Besides the low hydrogenation pressure
and low dehydrogenation temperature, the overall hydrogen regeneration path is not
energy efficient. Thus, it is hoped, that further investigation in this direction could open

the promising solution for hydrogen uptake by Al-N-based systems.
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3.2 Materials preparation and experimental details

In this chapter, the preparation methods of aminoalanes, along with the short

description of starting materials and sample handling are presented.

3.2.1 Chemicals and sample handling

All materials handled in this study are extremely air- and moisture-sensitive,

requiring all manipulations (reactions, sample handling, transfer, and storage) to be

performed using the standard Schlenk technique or employing an MBraun glove box

(H20 and O2 < 0.1 ppm). The chemicals used for the synthesis are listed in Table 3.3.

Table 3.3 The list of chemicals including the purity and producer.

Compound Formula Purity Producer
Aluminum chloride AICl3 99% Acros Organics
Aniline CesHsNH2 98% TCI
Benzene CsHe 99.5% Roth
3,5-Diamino-1,2,4-triazole C2HsNs 98% Sigma-Aldrich
Diethyl ether (C2H5)20 99.7% CHEMSOLUTE
Dllsqbutylalumlnum hydride CaHisAH 1.0 Min Sigma-Aldrich
solution hexane
3,5-Dimethylaniline (CH3)2CeH3NH2  98% Sigma-Aldrich
Hafnium (1V) chloride HfCla 98% Alfa Aesar
VWR PROLABO
- 0,
n-Hexane CeH14 98.2% CHEMICALS
Lithium aluminum hydride  LiAlHa gﬁfe”t grade  gigma-Aldrich
(o]
n-Pentane CsH12 99% CHEMSOLUTE
2-Picolylamine CsHsN2 99% Sigma-Aldrich
3-Picolylamine CsHsN2 >99% Sigma-Aldrich
Piperazine CaH10N2 99% Alfa Aesar
Piperidine CsH11N 99% Alfa Aesar
Pyrazine C4aH4N2 98% Alfa Aesar
Pyridine CsHsN 99+% Alfa Aesar
Pyrrole Cs4HsN 99% TCI
Pyrrolidine CaHoN 99% Alfa Aesar
VWR PROLABO
0,
Tetrahydrofuran C4HsO 99.9% CHEMICALS
2,2,6,6- o . ,
Tetramethylpiperidine CoH19N >99% Sigma-Aldrich
Titanium (V) butoxide Ti(OBu)4 99% Acros Organics
VWR PROLABO
0,
Toluene CrHs >99.5% CHEMICALS
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20Min

Trimethylaluminum solution  (CHzs)3Al Sigma-Aldrich
hexane
2,4,6-Tris(chloroamino)- CsHaClsNe >95.0% TCl
1,3,5-triazine
2,4,6-Triaminopyrimidine C4H7Ns 98+% Alfa Aesar
2,4,6-Triamino-1,3,5-triazine  C3HsNs 99% Merck
1,3,5-Triazine C3HsNs 97% Sigma-Aldrich
1,2,4-Triazole C2Hs3N3 98% Sigma-Aldrich
Triethylenediamine CsH12N2 >99% Sigma-Aldrich
Yttrium (I11) chloride YClz 99.99% Alfa Aesar
Zirconium (1V) chloride ZrCls 99.5% Alfa Aesar

All solvents were dried and were distilled by refluxing over Na/Al203 (SOLVONA
Bilger GmbH) and stored under argon atmosphere in the solvent reservoirs that
contained 4 A molecular sieves. Amines were used without further purification. Lithium
aluminum hydride (LiAlH4) was dissolved in diethyl ether and then the solution was
filtered. Subsequently, the solvent was removed in vacuum and the residue was dried
at 60 °C for 3 h under high vacuum. Hafnium (IV) chloride was dried and purified by
sublimation at 240 °C (for a detailed description see the bachelor thesis of

F. Habermanni2'4),

3.2.2 Synthesis of aminoalane in diethyl ether solution with aluminum hydride
Preparation of triethylenediamine alane adduct (TEDA-AIH3)

For the preparation of 0.266 g (8.9 mmol) ethereal solution of AlH3z, 0.296 g
(2.2 mmol) of AICI3 was dissolved in 5 mL of diethyl ether and added to 0.253 g of
LiAlH4 (6.7 mmol) in 15 mL Et20. This suspension was filtered to remove precipitated
LiCl. Triethylenediamine (TEDA) 1 g (8.9 mmol) was mixed with 20 mL of Et20 for a
few minutes and cooled in an isopropanol/dry ice bath before adding AlHs ethereal
solution. The reaction mixture was then allowed to warm up to room temperature and
stirred for ~20 h. The resulting solution was filtered, affording a white powder. After

drying in a high vacuum the yield of TEDA-AIH3 was about 1 g (79 %).
Preparation of piperidinoalanes

The three complexes of piperidine (pipH) with alane, [pipAlH2]2 (1), [pip2AIH]2 (2)
and [pip2Al]2 (3) were formed upon adding 1 mL (10.1 mmol, 1 : 1/ AlHs: pipH), 2 mL
(20.2 mmol, 1 : 2/ AlHz: pipH) or 3.5 mL (35.4 mmol, 1 : 3.5/ AlH3: pipH) of piperidine
in diethyl ether (20 mL), respectively, to the solution of 0.304 g (10.1 mmol) of AlH3 in
diethyl ether (20 mL). For AlH3 solution preparation, 0.337 g (2.5 mmol) of AICI3in 5 mL
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diethyl ether and 0.288 g (7.6 mmol) of LiAlH4 in 15 mL diethyl ether were dissolved
separately and then mixed by adding AIClIs solution to the LiAlH4 solution. The resulting
suspension was stirred for several minutes and precipitated LiCl was removed by
filtration. Before adding the piperidine solution, the AlHs solution was pre-cooled in a
dry icel/isopropanol bath. The reaction flask was allowed to reach room temperature
and was stirred until gas evolution had ceased. The soluble piperidinoalane was
recovered from diethyl ether under a dynamic vacuum at room temperature in each
case. Compound 1 was purified by sublimation at 45 °C giving colorless crystals.
Purification of 2 and 3 was performed by recrystallization in pentane at -30 °C to afford

colorless crystals after a few days in both cases.

3.2.3 Preparation of activated aluminum
Preparation of activated aluminum powder by the liquid procedure

The synthesis route of Ti-activated aluminum (henceforth denoted as Al*(Ti))
followed the procedure developed by Graetz et al.l’'l, which is based on mixing LiAlH4
and AICIs with 2 mol % of TiCls or Ti(OBu)4. The solution of the additive in diethyl ether
was added to LiAlH4 and AICIs mixture in diethyl ether and then filtered to remove
precipitated LiCl. The solvent was evaporated from the filtrate and the remaining solid
was dried and then was decomposed under vacuum at 80 °C. Additionally, this
synthesis was modified by changing the transition metal (TM) additive to ZrCls, HfCla,
or YCls (henceforth denoted as Al*(Zr), Al*(Hf), AlI*(Y)).

The uncatalyzed Al powder (for the control experiment) was prepared in the same
way, except no additive was included in the synthesis. The decomposition of alane

was performed at a higher temperature (150 °C).
Preparation of activated aluminum powder by ball milling approach

Aluminum powder and TM additive at a molar ratio of 1:0.02 were added to a ball
milling jar made of tungsten carbide. The ball-to-powder weight ratio was fixed at 20:1
with balls also made of tungsten carbide (balls: 2 x 8 g). The milling process was carried
out on a Fritsch Pulverisette 6 planetary ball mill at a speed of 400 rpm for 2 h. After

the milling process, the product was collected as a fine dark grey powder.

3.2.4 Direct hydrogenation of activated aluminum supported by amine

The hydrogenation experiments were conducted in the autoclave reactor, the

general setup is depicted in Figure 3.4. As all of the used reactants were oxygen and
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moisture sensitive, the reactor was transferred into the glove box for filling and

removing the reaction mixture.

Gas outlet
Inlet/outlet valve
Vacuum—> = Thermocouple
? [ e
Gas inlet Detector
Safety disk Pressure
= Eaars (ox Ewan = transmitter
Heating jacket Reactor head
Tightening ring
Stirring ball
PTFE liner
Stirring/heating Reactor body
plate

Figure 3.4 Laboratory setup with the autoclave reactor (a — Berghof reactor (150
ml); b — Parr reactor (75 ml)) used for the direct hydrogenation of aluminum and amine.

Autoclave reaction with activated aluminum and triethylenediamine

The hydrogenation reactions were carried out in the 150 mL stainless steel
reactor (Berghof; Figure 3.4, a) with a PTFE liner (100 ml) and equipped with a 200 bar
pressure transmitter (MKS). The direct hydrogenation experiment was carried out
using the following protocol: the reactor was loaded in a glove box with 0.317 g
(11.8 mmol) of AlI*(TM), 3.6 g (32.1 mmol) of TEDA, and 21 mL of THF under the inert
atmosphere. The rest of the inert gas was removed by evacuating the reactor, after
placing it outside of the glove box. Next, hydrogen gas was added to the reactor. After
92 h of stirring at room temperature, the reaction was stopped. The hydrogen pressure
was released and the reactor was placed in the glove box for removing and filtrating
the reaction mixture. A blank experiment with non-activated aluminum powder was

performed in the same manner.
Direct synthesis with activated aluminum and piperidine

Hydrogenation and dehydrogenation reactions were carried out in a 75 mL
stainless steel reactor (Parr Instruments; Figure 3.4, b) with a PTFE liner (40 ml) and

equipped with the 250 bar pressure transmitter (Wika). Under an inert atmosphere, the
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reactor was loaded with 0.55 g (20.3 mmol) of activated aluminum, 2 mL (20.2 mmol)
of piperidine, and 25 mL of THF. The reactor was sealed and then evacuated to remove
the inert gas phase. Afterward, the reactor was pressurized with hydrogen gas and
heated if it was necessary. Before releasing hydrogen, the reactor was cooled with ice
to prevent the release of the solvent. The unreacted Al*(TM) was removed from the
soluble product by filtration. The solvent was evaporated under reduced pressure and
the residue was dried under vacuum at room temperature resulting in a grey crystalline
powder. A blank experiment using aluminum without any TM additive was carried out

under the same conditions.
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3.3 Results and discussion

The main effort of this work was focused on the synthesis of aminoalanes and
the development of Al-N-based systems suitable for reversible hydrogen uptake. For
this reason, several aminoalanes were synthesized and their hydrogen storage
properties were tested. In order to define the optimal conditions for aminoalane
preparation, several reaction approaches were investigated and modified. The
importance of aluminum activation for the reversible hydrogenation in aminoalanes
was highlighted. Using a variety of transition metal compounds, a suitable additive for
the reversible piperidinoalane system has been found. The structure and the thermal
properties of three piperidinoalanes have been investigated. The crystallographic
analysis revealed two new crystal structures of piperidinoalanes.

One of the main techniques used in this work was NMR spectroscopy to obtain
information about the structure of aminoalanes and the kinetics of the
hydrogenation/dehydrogenation processes. As a result of this work, the hydrogenation
cycle of the aminoalane system employing activated aluminum and piperidine was

proposed.

3.3.1 Is the solid-state hydrogen storage in aminoalanes possible?

In the past, the reversible hydrogen uptake in aminoalanes was shown only in
the presence of solvents. However, to the best of our knowledge, no hydrogen uptake
was achieved in purely solid systems. In addition, complexes of AlH3 with aliphatic
amines have been more intensively studied compared to heterocyclic amines. As a
result, many of these complexes are yet unexplored and their properties are unknown.
Therefore, in the present study, mainly heterocyclic amines were examined.
Systematic investigations of these systems may reveal the material that matches
simultaneously the thermodynamic and hydrogen storage capacity requirements. The
complexation of alane with heterocyclic amines has several advantages, in respect to
hydrogen storage, compared to aliphatic amines. First, the bulkiness of the amine
could prevent the alane from polymerization. Second, the boiling points of heterocyclic
amines are usually higher than the ones of the corresponding aliphatic amines; and in
addition, the formed aminoalanes do not sublimate, and thus the resulting aminoalanes
can be used even at high temperatures.

In order to find the suitable aminoalanes for reversible hydrogenation several

specific tasks were defined:
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»  To investigate the capability of primary, secondary, and tertiary cyclic amines to
form aminoalanes.

»  To develop and optimize the synthesis procedure for crystalline aminoalanes.

»  To build the equipment for testing hydrogen sorption properties of synthesized
materials (P(H2)max = 1000 bar, T = 0 - 250 °C).

»  Hydrogen release/uptake tests and determination of the stability and long-term
behavior of synthesized aminoalanes.

In the first stage, systematic investigations of the several five- and six-membered
ring heterocyclic and aromatic amines were performed in order to synthesize
aminoalanes with desired properties (stability, crystallinity, high hydrogen content, and
fast hydrogen release). Depending on the substituents on the N-atom and the number
of N-atoms in the molecule (Table 3.4), the formed aminoalanes can offer a

comparably high gravimetric storage capacity.

Table 3.4 The selected amines considered for the synthesis of aminoalanes.

Primary Tertiary Secondary ]
o =N R NH, N
DO e
i N -NHz L N
HH, 2-Picolylamine 3-Picolylamine . H_ O H.
Aniline CoHsN; CaHaN; H2N—<] :IPL/ A PRz
0 N sHqq FLEETIL)
) [(}:;I;IJINW 3.62;;_"::. Yo 3.62 \I";:IH:/O H 347 wt-% 547 wt-%
R /(L )\ 3,5-Diamino-
: S NSy 1.2 4-triazole QV
| A wy | N’;\HH HZN/”\N‘yL\NHn CoH:N: Hf & CHCH3
z Z < 3 &R
y ey 2.4 6-Triamino- 2 4, 6-Triamino- 7.40 wt-% -
€ Ha e o 2 2 6,6-Tetramethyl-
3,9-Dimethylaniline pyrimidine 1.3, 8-triazine P ineridine
CeHyiN C.H;N; CaHeNe p ganN
_0 _D _0
3.31 wt-% 6.97 wt -% 6.94 wt -% 2 34 wt -%
N
== =
| N}; [N’A
Five-and 5'_}(' Pyridine Pyrazine ) m /A
membered ring|  C.H:N C.HaN, NN xNB \N>
amines 2.75 wit-% 4 .28 wi -% H H H
1,2 4-Triazole  Pyrrole  Pyrrolidine
N ? ?
N|/“‘*N Ee\ C,HsN, C.H:N C4HeN
I\N/) NJ 404 wt-% 4.12wi-% 3.98 wi-%
Triazine Triethylenediamine
CaHaN5 CgH 2N
5.26 wt.-% 3.48 wt -%

*the gravimetric hydrogen storage capacity that can be achieved by the in the corresponding amine-
alane complex

In the course of this work, to obtain the desired crystalline aminoalanes, several

synthesis routes were applied:
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1. Direct reaction between aluminum hydride and amine (all amines showed in
Table 3.4 were tried in this synthesis approach):

e with alane and amine in THF

Scheme 3.5 The proposed reaction of pyridine with aluminum hydride in THF
solution.

Advantages: simple synthesis procedure; no additional by-products.

Disadvantages: possible polymerization of the alane during preparation; strong

coordination of alane by THF; time-consuming procedure for alane preparation;
passivation of the surface during storage of alane; a short lifetime of alane (up to
7 days); amorphous product (in most cases).

e with a diethyl ether solution of alane and amine
Et,0
3 -3/4n LiCl

NN Et,0 NN
| + n AlH, T | *n AlH,
K /J 2 =
N N

Scheme 3.6 The proposed reaction path for the synthesis of triazine alane from
AlH3 ethereal solution and triazine.

3/4n LiAIH, + 1/4n AICI

Advantages: fast preparation of alane; no additional by-products.

Disadvantages: possible polymerization of the alane during preparation; highly

pyrophoric/explosive aminoalanes are formed; amorphous product (in most cases);

low solubility of some amines in diethyl ether.

2.  Direct reaction between alkyl aluminum and amine (aniline, 2-picolylamine, 3-

picolylamine, 2,4,6-triaminopyrimidine, 2,4,6-triamino-1,3,5-triazine, pyrazine,

pyrrole)
H3C\ /CH3
X X 7
5 N + 2 Al(CHa)s I;:éa::_r ‘ N—>A|\I T\H | X
' H
= NH, -2CH, P \N—/AI\<— N _~
HsC©  “CHs

Scheme 3.7 The formation of dimeric aminoalane by the reaction between 2-
picolylamine and trimethylaluminum(?7°].

Advantages: DIBAL, TMAL are known as efficient hydrogenation catalysts; the large
substituent on Al can prevent the polymerization, thus a crystalline aminoalane may

be formed; usage of non-coordinating solvents (pentane, hexane, toluene).
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Disadvantages: low theoretical hydrogen content of the formed aminoalanes; difficult

work up due to insolubility of some amines.

3. Synthesis via chloramine (trichlormelamine)

H,Al
NHCI “SNH

+ 3LiAH, 22T 52:?:? + 3LiCl
k P A A nw,

NHCI
A|H2

Scheme 3.8 The proposed reaction of trichlormelamine with lithium aluminum
hydride in ethereal solution.

CIHN

Advantages: new alternative synthesis route; simple removal of the by-product; soluble
reactants.

Disadvantages: possible unknown side reactions; amorphous product.

4. Cascade reaction with aluminum chloride, lithium alanate and amine (2,4,6-

triaminopyrimidine, 2,4,6-triamino-1,3,5-triazine)

*n AlHg

NH, NH, NH,
X X . X
N N * LiAIH N
‘ + nAICL—"F » | nAICI; *mbiAlf. ’
-78°C--RT -78°C--RT
)\ )\ -mLiCl Z
H,N N NH, H,N N NH, .H,  |H2N N NH,

Scheme 3.9 The stepwise reaction of 2,4,6-triaminopyrimidine with aluminum
chloride and lithium alanate.

Advantages: formation of soluble intermediates, in situ production of AlHs.

Disadvantages: possible unknown side reactions; amorphous products.

5. Salt reaction between lithium alanate and amine hydrochloride (piperidine

hydrochloride)
H pip H
Et,0 ~ /
2 O*HCl + 2LiAIH, ota H>A\ > \
N - 4H, H
H

Scheme 3.10 The reaction between piperidine hydrochloride and lithium alanate
(pip = piperidinyl)276],
Advantages: simple procedure, soluble reactants.
Disadvantages: not all amines are commercially available as hydrochlorides; the

purification of the product is necessary.
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6. Transamination reaction (aniline, 3,5-dimethylaniline, 3-picolylamine, 2,4,6-

triamino-1,3,5-triazine, 2,2,6,6-tetramethylpiperidine)

m Et,0 tmps L H o tmP
+ 2(CH)NAIH3W A A

/NN 4H33 tmp o tmp
H

Scheme 3.11 Transamination reaction between trimethylamine alane and
2,2,6,6-tetramethylpiperidine (tmp = 2,2,6,6-tetramethylpiperidinyl)[188l.

Advantages: soft reaction conditions; possible suppression of the oligomerization.

Disadvantages: requirement of an additional step for the preparation of starting

aminoalane; the exchange reaction cannot be conducted with all amines.

7. Direct hydrogenation of activated aluminum and amine (pyridine, pyrazine,

pyrrole, pyrrolidine, piperidine, 2,2,6,6-tetramethylpiperidine, triethylenediamine)

Et,O
3/4 LiAIH, + 1/4 AICI, W Al yH;*0.3Et,0 + 3/4 LiCl

3h, 80°C

AlyH5#0 360 g2 Al

- 3/2H,

Scheme 3.12 Preparation of Ti-activated aluminum according to the approach
developed by Graetz et al.[5"],

EtO
U\ & ag, o+ 1w, B C -

N
H

Scheme 3.13 Formation of pyrroloalane via direct hydrogenation of Ti-activated
aluminum supported by pyrrole.

Advantages: cheap reactants are used; reversible hydrogenation is possible.

Disadvantages: the activation of aluminum is needed; the proceeding of the reaction

depends on substituents bound to the nitrogen atom.

Numerous maodifications of the original procedure for the preparation of
aminoalanes have been studied, to make the formation of crystalline aminoalanes
possible. Most of the modifications involved the use of different reactants. As a reaction
medium, tetrahydrofuran was mainly used, but other solvents were also tested, these
included diethyl ether, hexane, pentane, benzene, and toluene. However, none of
these solvents, except Et2O, proved to be superior to THF. In hexane, pentane,
benzene, and toluene amines and alane appear to be insoluble, and as result, no
reaction was observed. The low solubility of amines determines the reaction rate and
decreases the yields and purity of the product (Appendix A, Table A.1). In some cases,
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the use of THF or Et20 leads to the formation of gelatinous deposits, which made
filtration difficult and sometimes even impossible. Another reason why aminoalane was
not observed may be the slow reaction kinetics of its formation. Because of that
aluminum hydride may be formed, polymerized, and precipitated out of the solution
before it can react with the amine species.

In order to avoid the disadvantages of the known syntheses, several alternative
approaches for producing aminoalanes were developed in this work. Based on the
performed experiments, it can be concluded that the stability of the formed
aminoalanes highly depends on the type of amine. For example, the heteroaromatic
amines (e.g. 2,4,6-triaminopyrimidine, 2,4,6-triamino-1,3,5-triazine, pyrrole, pyridine,
pyrazine) result in unstable (in the case of triazine and 2-picolylamine — explosive)
amorphous compounds with an unknown composition (Appendix A, Table A.2 and A.3,
Figure A.1 and A.2). In general, the formation of amorphous compounds could occur
because of several reasons. Aluminum hydride is a strong reducing agent, thus the
aromatic ring of an amine can be easily hydrogenated forming mixtures of different
isomersl?'7l. Alane can also lead to the reductive cleavage of the solvent?'8219 gnd its
further interaction with the amine and incorporation into the structure of the formed
aminoalane (Appendix A, Fig. A.3). Therefore, the hydrogenation of these materials is
arguably due to the complicated and undefined nature of the formed products. In
contrast, heterocyclic nonaromatic amines (e.g. pyrrolidine, piperidine, 2,2,6,6-
tetramethylpiperidine) release hydrogen during the reaction with alane and form partly
dehydrogenated crystalline aminoalanes.

The aminoalanes, which were obtained in good yields, were systematically
investigated under hydrogen pressure up to P(H2)max = 1000 bar in a temperature
range T =0 -100 °C, for their hydrogen uptake (Appendix A, Table A.4). The equipment
for measuring hydrogen absorption based on the volumetric method was constructed
and modified (Appendix A, Fig. A.5). Unfortunately, none of the investigated
aminoalanes showed hydrogen uptake in solid-state. It was concluded that the reaction
of primary or tertiary amines (e.g. 2,4,6-triaminopyrimidine, 2,4,6-triamino-1,3,5-
triazine, pyridine, pyrazine) with alane produces polymerized products. The
hydrogenation of whose is hampered by the high stability of the formed polymer.
Secondary amines tend to form strong dimers or trimers with alane, the products of
which have been proven to be too thermodynamically stable to allow hydrogenation.
Even bulky groups on N or Al atoms (e.g. 3,5-dimethylaniline, 2,2,6,6-
tetramethylpiperidine, reactions with DIBAL or TMAL) did not prevent the dimerization
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of aminoalane. Therefore, another strategy, described in the next section, has been

developed to overtake these obstacles and to achieve the main goal of this work.

3.3.2 Optimization of the direct hydrogenation of activated aluminum supported
by amine

In recent years, it was established in the literature that aluminum can be
hydrogenated in the presents of stabilizing agents (e.g. amine, ether). Depending on
the stability of the formed adduct, hydrogen can be reversibly released through
different pathways (Section 3.1.2). It was shown that the direct hydrogenation of
aluminum can only take place in the presence of strong coordinating solvents, like
dioxane or THF®.299 that can stabilize the alane during the formation of the amine-
alane complex. Another important issue is that hydrogenation can only proceed with
activated aluminum. That said, from all transition metals, only Ti was examined for
aluminum activation thus far. However, it has also been demonstrated that other TMs
are useful to achieve reversibility in alanate systems!®3.89. It was therefore of interest
to investigate whether or not it would be possible to synthesize amine-alane complexes
or Al-H functionalized aminoalanes, potentially more efficiently, by activating aluminum
with other TM activating agents. Furthermore, the optimization of the existing method
and the development of a new pathway for reversible hydrogen storage in aminoalane

systems have been discussed.

3.3.2.1 Synthesis and characterization of triethylenediamine alane complex

Triethylenediamine alane complex (TEDA-AIH3) can be synthesized in several
ways (Scheme 3.14). In this section, the direct hydrogenation of activated aluminum in
the presence of TEDA will be discussed in detail.

The first synthesis of the triethylenediamine alane adduct was originally
performed in 1964 by Ashbyl'®€l. The reaction took place in a THF solution of TEDA
with activated aluminum at a hydrogen pressure of 350 bar and temperature of 70 °C.
The activation procedure was carried out by treating aluminum powder with
triethylaluminuml!?29l. This approach did not attract much attention until the discovery
by Graetz et al.[?!], that this system can be reversibly hydrogenated at much milder
conditions (35 bar and room temperature) by using titanium doped aluminum (Scheme
3.14, first row).
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2 A

1000 b2
o9
+n AlH,
Et,0

3/4n LiAIH, + 1/4n AICl, — 7=~

Scheme 3.14 Possible pathways for the synthesis of the TEDA-AIH3 adduct.

Recently, we have published the mechanochemical synthesis of the TEDA-AIH3
adduct starting from Al powder and TEDA under 100 bar of hydrogen pressure(?2',
Initially, it was assumed that a catalyst would be necessary for the hydrogenation of
aluminum. Therefore, this synthesis (Scheme 3.14, second row) was first tested with
aluminum activated by the catalyst, resulting in conversion as low as 19 % after 6 h of
milling time. Surprisingly, by using metallic aluminum, the conversion of Al has reached
43 % after 6 h and was increased up to 90 % with the prolonged milling time (72 h)
even without the addition of an activation agent or solvent. However, the prior ball
milling of TEDA with Al and the subsequent exposure of this solid mixture to hydrogen
pressure up to 1000 bar did not lead to the TEDA-AIH3 complex (Scheme 3.14, third
row), signifying the importance of the processes (e.g. the increased temperature and
the close contact of the reactants) that occur during milling under the hydrogen
pressure.

Another commonly used synthesis for the preparation of aminoalanes involves
two steps procedure shown in Scheme 3.14 (fourth row). The first stage of the
synthesis is the preparation of an ethereal solution of aluminum hydride. This solution
is generated by mixing LiAlH4 with AICI3 in Et20. In the second step, by adding the
TEDA solution in the AlH3 ethereal solution the TEDA- AlHs complex is formed.
However, the formed TEDA-AIH3 adduct by this approach is not recoverable (the
dehydrogenated material cannot be recharged, since aluminum in alane is not
activated), and will be further used only for the preparation of the reference material.

The mechanochemical approach (Scheme 3.14, second row) is a convenient
method for the preparation of the TEDA-AIH3 adduct, however, the dehydrogenation
step requires heating above 200 °C, and as a result, TEDA is evaporated and
contaminates the released hydrogen. In contrast, in the organometallic method
(Scheme 3.14, first row), which involves the THF slurry of TEDA and Ti-activated
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aluminum, the dehydrogenation occurs already at 120 °C. Nevertheless, the efficiency
of the hydrogen regeneration pathway is highly dependent on the yield of the product,
which was only 60 %[?%. Therefore, in order to improve the yield of the TEDA-AIH3
complex, other TM additives as activating agents for aluminum were tested in this work.

Following the original procedure for the TEDA-AIH3 synthesis developed by
Graetzl®'l (Scheme 3.14, first row), the reaction was performed in an autoclave reactor
with Ti-activated Al and TEDA in THF. Hydrogen gas was added to the reactor at
pressures of 41.6 bar at room temperature. The hydrogen uptake during the
hydrogenation of Ti-activated Al and TEDA is shown in Fig. 3.5. The hydrogenation
occurred over 90 h, reaching a final pressure of 30.3 bar. The pressure drop was ~11.3
bar from which ~2.8 bar due to dissolution of Hz in the reaction mixture (tested with
non-activated aluminum). The long hydrogenation time may be attributed to the
heterogeneous solid-liquid-gas reaction which takes place in the reactor and requires
the interaction between solid Al*(Ti), dissolved TEDA, and hydrogen gas. Thus, the

slow reaction kinetics is not surprising.
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Figure 3.5 Reactor pressure during the direct hydrogenation of Ti-activated
aluminum and TEDA in THF solution.

After hydrogenation, the solid amine-alane complex was recovered by filtration.
Data obtained from the elemental analysis showed a good agreement with theoretically
calculated values and values obtained from the reference material formed by the wet
chemical method (Table 3.5).
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Table 3.5 Elemental analysis and ICP-OES of the product formed by different
synthesis methods.

N C H Al

Calculated TEDA-AIH3 19.70 50.69 10.63 18.98
Found TEDA-AlH3 18.71 49.51 10.97 18.95
Found TEDA-AlmyHs ~ 19.00 47 .69 10.49 21.34*

*for the direct synthesis the Al content is slightly higher due to the unreacted aluminum left after reaction,
which cannot be separated

The XRPD patterns of the reference product and product formed from Al*(Ti) in
this work were compared (Fig. 3.6). The XRPD pattern of the reference product formed
from ether solution displays broader reflections compared to the pattern of the product
from the direct hydrogenation, most probably resulting from the low degree of order in
the crystal structure caused by the short reaction time (~20 h), the elongated reaction

time can improve the intensities significantly[?21],

800
; Cu-Ko A=1.5406A
700 - * Sample holder with the foil cover
600
500
2
"% 400 ~
5
E 300 - .+ TEDA-AIH,
200 A
100
| o TEDA'Al(Ti)H3
0 T T T T T T T T T
10 20 30 40 50 60

20/°

Figure 3.6 Comparison of XRPD patterns: pure TEDA (top), product received via
the wet chemical method (middle), product obtained from the direct hydrogenation of
Ti-activated Al* and TEDA in THF solution (bottom).

The XRPD data of the TEDA-AIH3 complex was previously presented by
Graetz®!l, however, its crystal structure was not described. The synthesis and the
structure determination of the TEDA-AIH3 adduct were performed by the project partner
group in the Max-Planck-Institut fur Kohlenforschung, Department of Heterogeneous

Catalysis (Milheim) and revealed the structure of an 1-D-coordination polymer(?2]

shown in Figure 3.7.
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A

Figure 3.7 The structure of polymeric [TEDA-AIH3], (white: H, green: Al, blue: N,
black: C atoms) depicted along a axis (A), b axis (B, H atoms omitted), and c axis (C,
H atoms omitted)[22"],

The crystal structure is described in the orthorhombic centrosymmetric space
group Cmcm (63). The aluminum atom is penta-coordinated by three hydrogen atoms
in the basal plane and two equivalent nitrogen atoms in capping positions to form a
nearly ideal trigonal bipyramid. Both nitrogen atoms of the TEDA ligand are
coordinating to equivalent AlH3 to form polymeric chains along the a axis (Fig. 3.7).
The polymeric chains are shifted by ’2 a to achieve dense packing. The hydrogen
atoms connected to aluminum are orientated staggered to the TEDA ligand(?2'],

For the investigation of transition metals activity for the direct formation of
TEDA-AIH3 from activated aluminum, a series of additives were applied (ZrCls, HfCl4,
YCI3). In section 3.2.3, the synthesis route for introducing the transition metal into
aluminum was described. A typical hydrogenation experiment was carried out in the
same way as with Ti-doped aluminum mention above, just the type of activated
aluminum was varied. After the synthesis, the yield of TEDA-AIH3 was in agreement
with the literature, determined to be 60 %!?% in the case of Ti(OBu)4 as an additive,
approximately 95 % for ZrCls, and 91 % for HfCl4 (Table 3.6). No product was observed
after synthesis with aluminum activated by YCls. These results demonstrated the
advantage to use Zr or Hf as the activation agent instead of Ti.

Table 3.6 The yield and desorption temperature of TEDA-AIH3 complex formed
from Al activated with the different additives.

Additive Yield, % Tdes, °C
ZrCla 95 237
HfCls 91 256
Ti(OBu)4 60 238
YCl3 - -

It is noteworthy, that activation of metallic Al was also possible by ball milling TM

salt with Al powder. However, aluminum prepared by ball milling (section 3.2.3) showed
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a lower hydrogenation activity (74 %, yield of TEDA-AIH3 by using mechanochemical
activation of Al with ZrCls) than the Al activated by the liquid procedure (95 %) and
therefore the former one was not further used.

The decomposition behavior of TEDA-AIHs complexes formed by the different
synthesis procedures was investigated by simultaneous thermal analysis (TG-DSC).
An endothermal process was observed at 269 °C (Fig. 3.8), accompanied by a mass
loss of 55 %, and corresponding to the decomposition of the polymeric complex. In
comparison, the complex formed by the direct hydrogenation of Al*(Zr) has a slightly
lower decomposition temperature of 237 °C, compared to the standard TEDA-AIH3
complex prepared without activated aluminum. This effect can be attributed to the
introduction of the atoms of TM-additive into the complex structure, and as a result,

could have lowered the decomposition temperature of the complex.
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Figure 3.8 TG-DSC data of the TEDA-AIHs complex obtained via the wet
chemical synthesis (top) and the product formed by the direct hydrogenation of Zr-
activated aluminum supported by TEDA (bottom).

Starting from ~80°C, a mass loss occurred in both cases, which can be explained
by the removal of the residual solvent traces, due to the absence of an additional effect
before the decomposition signal.

Summarizing, the described herein hydrogen absorption by the TEDA-AI*-slurry
occurs readily at temperature and pressures well within the range for hydrogen storage

applications in high vyield. Unfortunately, this system suffers from a high
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dehydrogenation temperature above 200 °C. Nevertheless, this procedure can be
applied for the stabilization of AlH3 via complexation with TEDA and the long-term
storage of alane. The search for suitable amines for the formation of aminoalanes with

desired properties may help to avoid the drawbacks of this system.

3.3.2.2 Synthesis of aminoalanes via direct hydrogenation of activated aluminum
and N-heterocyclic amine

The simplicity of the direct hydrogenation of aluminum in the presence of amine
makes it suitable for the preparation of other aminoalanes. Since Graetz and
coworkers?® ysed several tertiary amines for the synthesis of amine-alane
complexes, it was of interest to investigate, if the synthesis can be conducted also with
the secondary amines. As the focus of this work was on the heterocyclic amines, the
hydrogenation tests were performed using six aromatic and non-aromatic heterocyclic
amines  (pyrrole, pyrrolidine, pyrididne, pyrazine, piperidine, 2,2,6,6-
tetramethylpiperidine), in order to establish a criterion for the formation of aminoalanes
from aluminum and corresponding amines (Appendix A, Table A.5). No product was
detected after synthesis with pyridine, pyrazine, or tetramethylpiperidine. The obtained
results indicate that several factors may play a role in the direct synthesis of
aminoalane. The first important criterion is the base strength differences of the amines.
Usually, secondary amines are stronger bases than tertiary amines, thus, a more basic
amine is able to satisfy the electrons deficiency of the Lewis-acidic Al center and the
formation of a stable complex is encouraged. The basicity of the tested amines
increases in the order pyrrole < pyridine < pyrazine < tetramethylpiperidine < piperidine
< pyrrolidine. Hence, the formation of pyridinoalane (pyridine pKo = 8.75) is less
favorable than the formation of piperidinoalane (piperidine pKo = 2.88).

The steric effect of the amine ligand is also an important factor for the complex
formation[??2l. In particular, tertiary amine-alane complexes with alkyl substituents are
usually less stable than complexes with the corresponding primary and secondary
amines[?%, In sterically crowded amines, the close approach of the AlH3 species to the
Lewis base electron pair on the N atom is hindered. Consequently, from
tetramethylpiperidine and piperidine, which have nearly the same base strength (pKb
2.94 and 2.88, respectively), only piperidine forms complexes with alane.

The other tested amines (pyrrole and pyrrolidine) were also able to form
complexes with aluminum, however, the investigation of the formed products revealed

only the dehydrogenated forms of the corresponding aminoalanes (Appendix A,
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Fig. A.8). Therefore, the investigation of these systems for hydrogen storage purposes
was not performed. From all six investigated amines only piperidine holds the potential
for the reversible hydrogenation of its aminoalane and will be further discussed in
detail.
Based on these results, the following trends were observed:
1. Tertiary amine-alane complexes have lower stability than corresponding
complexes with secondary amines.
2. With the increase of the base strength of the amines, the capability to form
complexes with AlHs is increasing.
3. The increase of steric substituent on nitrogen atom hampers the aminoalane
formation.
It should be also noted, that tertiary amines are desirable for the reversible
splitting of AlHs from amine-alane complexes, in contrast, secondary amines resulting
in the stable partly dehydrogenated aminoalane compounds (e.g. CsH1oNAIH2), where

only Al-H splitting would be possible.

3.3.3 Investigation of piperidinoalanes for reversible hydrogen uptake

The theoretical hydrogen storage capacity of the piperidine-alane complex is
about 3.47 wt.- %, which is high compared to the other known reversible amino-alane
systems (Section 3.1.2, Table 3.2). In order to fully investigate the potential of
piperidinoalane as a hydrogen storage material, the hydrogenation mechanism of
aluminum in presence of piperidine needs to be understood. Therefore, the properties

of the formed piperidinoalanes should be investigated first.

3.3.3.1 Crystal structure determination of piperidinoalanes

Piperidinoalanes [(pip)nAlH3n]2 (n = 1 (1), 2 (2), 3 (3)) have been know
beforel95216.223] byt no crystallographic studies on [(pip)2AIH]2 (2) and [(pip)3Al]2 (3)
have been published. Therefore, in the present study, the crystal structure
investigations of these piperidinoalanes were conducted.

In this work, three piperidinoalanes were synthesized from freshly prepared alane
solution in diethyl ether and piperidine (pipH), by varying the ratio between the
reactants according to the following reaction scheme:
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. ] Et,0
/o LIAIH, + /5 AICbm
2 AlH, + 2n pioH —2  [pip AIH
3+ 2n pipH —=2e [piPnAlH 3.0
n=1,2,3

Scheme 3.15 Synthesis of piperidinoalanes via dehydrogenative substitution of
aluminum hydride with piperidine.

The crystals of 1 obtained by sublimation were in agreement with the crystal
structure earlier described[?'l, It consists of a dimeric structure based on a cyclic [AIN]2
core (Fig. 3.9). The compound crystallizes in the monoclinic space group P21/c with
Z = 2. The molecule is located on a center of inversion and the asymmetric unit is
comprised of the one-half dimer. The molecular structure of 1 is similar to those of 2,6-
dimethylpiperidinoalane!'®! and diethylaminoalanel'9, which are confirmed to be also
dimeric. This situation contrasts with 2,2,6,6-tetramethylpiperidinoalane!'®l in which
cyclization via the Al-H bonds occurs due to steric crowding of the methyl groups

leading to the formation of a trimer.

Figure 3.9 Molecular structure of [(pip)AIH2]> (1)[276],

The results of single-crystal studies, performed in this work, showed that 2 and 3
are composed of dimers, as illustrated in Fig. 3.10 and 3.11. Table 3.7 shows the
crystallographic data and gives information on data collection and structure refinement.
The full crystal data information is presented in Appendix B (Table B.1 and B.2).

Table 3.7 Data of crystal, data collection and structure refinement for [pip2AIH]>
(2) and [pip3Al]2 (3).

Compound 2 3
Empirical formula C20H42AI2N4 CaoHeoAl2Ns
Formula weight 392.53 558.80

T,.K 160(2) 160(2)

A A 0.71073 0.71073
Crystal system Orthorhombic Triclinic
Space group Pbca PI
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a, A 12.5724(5) 8.6112(9)

b, A 17.8509(8) 8.8513(9)

c, A 20.6212(10) 10.9777(10)
a, ° 90 95.138(8)

B, ° 90 90.659(8)

Y, © 90 108.065(8)
Z/D¢, g cm™3 8/1.127 1/1.172

y, mm™ 0.137 0.121
F(000) 1728 308

Crystal size, mm 0.5x0.3x0.1 0.3x0.2x0.1
© range for data 2.8-26.0 2.9-27.0
collection

Reflections collected 28952 10488
Independent reflections/ 4533/0.0453 3419/0.0387
R(int)

Completeness to © max 99.8 % 99.5 %

Refinement

Full-matrix least-squares on F?

Data/restraints/ 4533/42/478 3419/0/172
parameters

Goodness-of-fit on F2 1.102 1.050

Ri/wWR2 [l > 20(1)] 0.0473/0.1129 0.0417/0.1006

R1/wWR> (all data)
Largest diff. peak/

0.0681/0.1216
0.196/-0.227

0.0638/0.1124
0.304/-0.264

hole, e A3

Compound 2 was found to crystallize in the orthorhombic space group Pbca with
Z=8.

=
N

N2a

N4
N0 @
3 I =
" HIM ./é"‘.m
r‘ ; N1 ﬁ hﬂ N1 N3a

Figure 3.10 Molecular structure of [pip2AIH]> (2), C-bound hydrogen atoms are
omitted for clarity. Thermal displacement ellipsoids show 50 % probability, only the
predominant part of the disorder is shown as a full molecule, the disorder is shown for
the Al2N4H:> core.

The association through bridging via the piperidinyl ligands in the dimeric
structure of 2 (Fig. 3.10) contrasts to the dimeric structure of bis-2,2,6,6-

73



3 LIQUID-STATE HYDROGEN STORAGE

tetramethylpiperidinoalanel'8! where dimerization occurs via Al-H bridges, possibly
favored because of steric reasons. Even though the molecule almost adheres to
inversion symmetry, it is not located on a special crystallographic position, and the
crystallographic asymmetric unit consists of a whole molecule. This molecule exhibits
severe positional disorder, which can be described as the two states achieved by
mutual flipping of the chair conformations of the four piperidine rings. While the
corresponding y-CH2 groups rest in related positions (and thus establish essentially the
same intermolecular packing interactions), the four N atoms are flipped into one
direction, and so is the entire Al2NsH2 core (in Fig. 3.10, top right, this means a
clockwise turn toward the alternative disorder positions indicated with “a”). Site
occupancies of the two disordered parts refined to 0.682(2) and 0.318(2). It is not clear
why disorder in the molecule appears. The possible reasons may be the pureness of
the compound, the speed of crystal growth, and the conditions during crystallization,
that can favor or disfavor the building of the long-range order. One way of getting hints
on the nature of the disorder is to try to collect data at different temperatures. While a
dynamic disorder problem should become less pronounced with temperature
decrease, a static disorder will mostly be not influenced by temperature changes. For
the initial data collection the crystal of compound 2 was mounted at 200 K and rapidly
cooled to 160 K, but the further thermal treatment of this crystal (heating to 260 K and
cooling to 160 K at a rate of 80 K h~") did not change the site occupancy ratio of the
two disordered parts. Thus, it is unlikely that the two disorder positions occur as a
dynamic disorder in the crystal.

In the structure of 3, the dimeric molecule is located around a crystallographically
imposed center of inversion which generates the whole molecule (Fig. 3.11), similar to
the structure of 1. The asymmetric unit contains one pipsAl moiety. The dimeric
compound 3 features a four-membered ring of aluminum and nitrogen atoms
analogous to [pyrsAl]2?2%! (pyr = pyrrolidinyl, C4sHsN). However, the packing of the
molecules in their corresponding crystal structures differs significantly from each other.
Compound 3 crystallizes in the triclinic space group PI (Table 3.7), while [pyr3Al]2
crystallizes in the monoclinic space group P2i/c. In sharp contrast, the more bulky
substituted compound (N(i-Pr)2)3All'8% does not form dimers but crystallizes in the
triclinic space group PI with two crystallographically independent monomeric
molecules in the asymmetric unit. The structure of 3 is very similar to the one of the

related compound [(pip)2AIN3]212241 which is also dimeric by virtue of bridging piperidinyl
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ligands, except that the non-bridging positions are occupied by piperidinyl and azide

ligands.

Figure 3.11 Molecular structure of [pip3Al]. (3), C-bound hydrogen atoms are
omitted for clarity. Thermal displacement ellipsoids show 50 % probability.

The crystal contained a small twin contribution. However, refinement as a singly
crystal gave a better result than twin integration of the whole data set and refinement
against HKLF5 format data. Therefore, data integration and refinement were carried
out for a single crystal, and merely the 15 most disagreeable reflections were omitted
from the refinement.

In Table 3.8 selected bond lengths and angles are presented and compared with
corresponding parameters of 1.

Table 3.8 Comparison of selected bond lengths (A) and angles (°) of [pipAlH2]»
(1)278], [pip2AIH]2 (2) and [pipsAl]2 (3).

1 2 3
Defining Bond Defining Bond Defining Bond

atoms lengths (A) atoms lengths (A) atoms lengths (A)

Al1-N1 1.9449(14) AI1-N2 1.961(4) Al1-N3 1.9684(16)
Al2—N2 1.983(3)

Al1-N1* 1.9410(14) AI1-N3 1.965(4) AlM-N3* 1.9920(15)
AlI2—-N3 1.970(4)

Al1-N1 1.792(3) Al1-N1 1.8135(15)

Al2—N4 1.789(3) Al1-N2 1.8095(15)

Al1---Al1* 2.7599(10) Al1---Al2 2.822(2) Al1---Al1* 2.8519(10)

Angles (°) Angles (°) Angles (°)

N1-Al1-N1* 89.49(6)  N2-AI1-N3 88.32(15) N3-Al1-N3* 87.87(6)
N1-Al1-N2  117.36(15) N1-Al1-N3  117.02(7)

N1-AI1-N3  120.32(16) N2-AlI1-N3  114.27(7)

N2-Al1-N1  110.84(7)

*The asterisk denotes a symmetry equivalent atomic position generated by a center of inversion, as it is
shown for compound 3 in Fig. 3.11.
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As expected, for compound 3, the Al-N bonds to the bridging piperidinyl groups
are noticeably longer (by almost 0.2 A) than those to the terminal piperidinyl groups,
also observed for other similar aminoalanes containing [AIN]2 units[178.223224] The Al-
N-Al bridges are almost symmetric, bond length differences are smaller or only
marginally greater than the experimental error. Along the series of compounds 1, 2,
and 3 the average bridging AI-N bond lengths increase (from 1.94 via 1.97 to 1.98 A)
as a result of the increasing steric bulk about the Al coordination sphere. A similar trend
is reflected by the average terminal Al-N bond lengths of compounds 2 and 3 (1.79
and 1.81 A, respectively). As expected, lowering the steric bulk for compounds with
related substitution patterns results in somewhat shorter bond lengths (compare 1.98
and 1.81 A for bridging and terminal Al-N bonds, respectively, in compound 3 with the
corresponding bond lengths of 1.96 and 1.80 A, respectively, in its pyrrolidinyl
analogl®?%). Replacing rather covalently bound substituents by rather ionic groups,
however, has some more severe effect of bond shortening, as the bridging and terminal
(Al-pip) AI-N bonds of compound [pip2AIN3]2 confirm (1.93 and 1.77 A,
respectively)??4, in which a terminal piperidinyl group of 3 or likewise the sterically less

demanding hydride of 2 is replaced by an azide group.

Structure elucidation of piperidinoalanes by NMR spectroscopy

In the NMR spectra, "H chemical shifts determined for 1 mainly agree with those
previously reported (a-CH2 at & = 2.74 ppm, B and y-CH2 at & = 2.26 ppm)!'771%],
However, the higher resolution of the obtained spectra for 1 allowed to distinguish
between the 8 and y methylene protons at & = 1.36 and 1.14 ppm, respectively. The
"H NMR spectra of compounds 2 and 3 show distinct signals for bridging and terminal
piperidinyl groups (Fig. 3.12, left). The not assigned signals (at® = 2.61 and 1.4 ppm)
correspond to free piperidine.

(1) m.p. 97 °C; "TH NMR (700.13 MHz, CsDe): 5 = 1.14 (4 H, m, y-CH2), 1.36 (8 H,
gnt, 3J = 5.6 Hz, B-CH2), 2.74 (8 H, t, a-CH2(N)), 4.17 (4 H, br. s, Al-H) ppm. 13C NMR
(176.1 MHz, CsDs): & = 23.7 (y-CHz2), 26.6 (B-CH2), 51.3 (a-CH2(N)) ppm. ??Al NMR
(130.3 MHz, CsDs): & = 152 ppm.

(2) m.p. 121 °C; 'TH NMR (700.13 MHz, C6D6): & = 1.34 (4 H, m, y-CH: bridg.),
1.51 (8 H, m, B-CH2 term.), 1.53 (8 H, m, B-CH2 bridg.), 1.69 (4 H, m, y-CH2 term.),
2.78 and 2.88 (8 H, m, a-CH2 bridg.), 3.18 (8 H, m, a-CH2(N) term.), 3.85 (2 H, br. s,
Al-H) ppm. 3C NMR (176.1 MHz, CsDe): & = 24.5 (y-CH: bridg.), 26.3 (B-CHz2 bridg.)
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26.7 (y-CH2 term.), 29.7 (B-CHz term.), 48.2 (a-CHa(N) bridg.), 49.6 (a-CHz(N) bridg.),
49.8 (a-CH2(N) term.) ppm. 2?’Al NMR (130.3 MHz, CeDe): & = 128 ppm.

(3) m.p. 77 °C; "H NMR (700.13 MHz, CeDs): & = 0.62 and 1.11 (8 H, m, B-CH2
bridg.), 0.82 and 1.17 (4 H, m, y-CH2 bridg.), 1.50 (2 H, m, a-CH2 bridg.), 1.60 (16 H,
m, B-CHz2 term.), 1.81 (8 H, m, y-CHzterm.), 2.31 and 2.93 (8 H, m, a-CH2 bridg.), 3.15
(16 H, m, a-CH2(N) term.) ppm. 13C NMR (176.1 MHz, CsDs): & = 23.5 (y-CH2 bridg.),
26.1 (B-CHz bridg.), 27.3 (y-CH2 term.), 30.1 (B-CHz term.), 46.4 (a-CH2(N) bridg.),
50.2 (a-CH2(N) term.) ppm. 2?Al NMR (130.3 MHz, CsDs): & = 106 ppm.

The ?’Al resonance for 2 (at & = 128 ppm) is shifted upfield compared to 1 (3 =
152 ppm). Similar behavior was also observed for other aminoalanes with [L2AIH]2
substitution pattern compared to [LAIH2]2 species!'8:225.226] Sybstituting all hydrogen

atoms at Al by piperidine shifts the 2’Al resonance for 3 to even lower frequency (5 =

106 ppm) resulting in a value typical for an AIN4 motif (Fig. 3.12, right).
M @ @G

3.5 3.0 25 2.0 15 1.0 05200 180 160 140 50 1%
8 ("H) ppm 5 (*’Al) ppm

Figure 3.12 'H and 2”Al NMR spectra of piperidinoalanes in benzene-d6: top —
[pipAIH2]2 (1); middle — [pip2AIH]2 (2); bottom — [pipsAl]2 (3).

While the 2”Al chemical shifts confirm retention of the Al atoms” tetracoordination
in solution, 2D NMR measurements (Fig. 3.13 and 3.14) confirmed the presence of
terminal and bridging piperidinyl ligands for 2 and 3 in solution, which is of particular
interest with compound 2, for which it indicates retention of the bridging mode which
was also found in the solid-state (and rules out transformation into an Al-H-Al bridged
isomer).

The two-dimensional 'H spectrum of 2 and 3 in benzene-de solution showed

signals of terminal (higher intensity) and bridging (lower intensity) piperidinyl groups,
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with corresponding assignments mentioned above. Scalar couplings between nuclei
are indicated by the cross-peaks in Fig. 3.13 (left) and 3.14 (left). Thus, the correlation
between a-CHz(N) with B-CH2 can be detected and in the same way between (3-CH2
with y-CHa.
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Figure 3.13 2D NMR spectra: "TH-"H COSY (left) and "H-13C HSQC (right) for
[pip2AIH]2 (2) in benzene-d6.

The signals between 2.77-2.89 ppm for 2 (Fig. 3.13, left) correspond to a-CHz2
bridging protons of bridging piperidinyl groups, the presence of axial and equatorial
protons was confirmed by scalar coupling between dissimilar nuclei "H-'3C which
indicated one signal at 48.2 ppm in proton/carbon cross-peak (Fig. 3.13, right). The
complex multiplets between 1.45 and 1.60 ppm originate from 3-CH2 of terminal and
bridging piperidinyl groups. However, severe signal overlap in '"H NMR spectra hinders
accurate assignment. Extension of 'H to "H-"3C HSQC leads to the dispersion of peaks
along the '3C dimension and greatly alleviates peak overlapping, thus, terminal (at 1.50
ppm) and bridging (at 1.53 ppm) proton piperidinyl group resonances by the different
carbon resonances (at 29.7 and 26.3 ppm, respectively) can be well distinguished.

Proton chemical shifts in 'H spectra for 3 were also identified from the positions
of 2D '"H-"3C HSQC cross-peaks (Fig. 3.14, right). The 0.62 and 1.11 ppm, 0.82 and
1.17 ppm, 2.31 and 2.93 ppm resonances in 'H spectra are attributed to B, y, and a
bridging methylene groups of piperidinyl ligands and correspond to 26.1, 23.5, and
46.4 ppm in '3C spectra, respectively.
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Figure 3.14 2D NMR spectra: "TH-"H COSY (left) and "H-3C HSQC (right) for
[pip3Al]2 (3) in benzene-d6.

The integration of the 'H spectra for compound 3 showed a lower ratio (3:1)
between the bridging and terminal piperidinyl groups than expected (2:2). A possible
explanation could be the formation of the monomeric species in the solution. Steric
relief would therefore provide a driving force to overcome increased ring strain in the
dimer!??7]; large piperidinyl groups would probably cause the conversion from dimer to

monomer. Thus, dimer-monomer equilibrium for compound 3 was assumed:

pip
pip~_ - pip pip
> '\ > < LN
pip pip pip pip

Scheme 3.16 Possible equilibration between monomeric and dimeric species of
compound 3 in solution.

Another uncertainty was related to the proton signal with small intensity at & =
1.5 ppm in benzene-d6, which was not observed for compound 3 in the previous
report?23l, Therefore, the NMR measurements were performed in toluene-d8 instead
of benzene-d6 yielding essentially the same results compared to earlier published
datal??®l. Dissolution in toluene-d8 revealed no evidence for an additional signal. Only
the small shoulder was observed at & = 1.56 ppm (terminal piperidinyl group), which is
the possible reason why it was not identified in earlier published data.

(3) '"H NMR (500.13 MHz, CsDsCD3): & = 0.71 and 1.20 (8 H, m, B-CH2 bridg.),
0.91 and 1.25 (4 H, m, y-CH2 bridg.), 1.56 (16 H, m, f-CHz term.), 1.78 (8 H, m, y-CH2
term.), 2.34 and 2.95 (8 H, m, a-CHz2 bridg.), 3.09 (16 H, m, a-CH2(N) term.) ppm. 3C
NMR (125.8 MHz, CeDsCDs3): 6 = 23.7 (y-CH2 bridg.), 26.2 (B-CH2 bridg.), 27.3 (y-CH2
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term.), 30.1 (B-CH2 term.), 46.5 (a-CH2(N) bridg.), 50.2 (a-CH2(N) term.) ppm. #’Al
NMR (130.3 MHz, CsDsCD3): & = 106 ppm.

For a more detailed study of compound 3, the temperature dependent NMR
measurements in toluene-d8 were carried out (Fig. 3.15). The spectra revealed the
signals shift of terminal piperidinyl groups to a lower field in toluene-d8 and the
appearance of the signal at & = 1.5 ppm. Therefore, it was concluded the signal at & =
1.5 ppm cannot be detected in toluene-d8 at room temperature due to the overlapping
with the signal of the terminal piperidinyl group. The unidentified signal at about 1.5 —
1.7 ppm (depending on the temperature) is present over the whole temperature range,
confirmed by a two-dimensional NMR study. An evaluation of H,H-COSY spectra
measured in toluene-d8 at low temperature showed that the undefined signal was
shifted to be nearly coincident with the signal at & = 1.56 ppm, but has the correlation

to the bridging piperidinyl group of compound 3.
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Figure 3.15 Temperature dependent "H NMR spectra of 3 in toluene-d8 (marked
in orange — signals for terminal piperidinyl ligands; in blue — bridging piperidinyl
ligands).

The temperature-dependent NMR measurements also clarified the discrepancy
in the integration values of the spectra for compound 3 obtained at room temperature.
The broad signals for piperidine and bridging piperidinyl ligand of 3 at room

temperature getting narrower at a lower temperature, indicating the exchange with
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each other, which is significantly reduced at a lower temperature. With the further
decrease of the temperature, free piperidine signals become broader due to slow down
of conformational exchange and seam to disappear (because of broadening) at the
lowest measure temperature (-50 °C). At the same time, the signals of the terminal
piperidinyl ligand become broader due to the reduced mobility to change conformation
at low temperature and finally the a-CHz2 signal splits at -50 °C. Additionally, at a lower
temperature, the signals shift to lowfield for terminal and highfield for bridging
piperidinyl ligands was observed, resulting in a better separation of the signals.
Generally, there are two exchange phenomena present: exchange of piperidine with
the (mainly) bridging piperidinyl ligand and conformational exchange. When the
temperature decreased to 0 °C the signals of piperidine become narrower due to a
slowdown of (pipsAl«<piperidine) exchange, but the conformational exchange is still
fast. Furthermore, when the temperature decreases to -50 °C the signal broadening
can be observed before the signal splits into two due to the limited interconversion of
the piperidine chair conformations.

Compound 3 is not stable in solution but decomposes to pipH and some
polymeric species, which were observed during the dissolution of 3 in the solvent. The
intensity of free piperidine signals was increasing with time. All piperidinoalanes are
extremely sensitive to traces of moisture or hydroxyl groups of another origin (e.g.
remaining Si-OH groups at the glass surface) resulting in the formation of piperidine.
As could be shown by 2D EXSY NMR (Fig. 3.16), already small amounts of piperidine

are in fast exchange on the NMR timescale with the piperidinyl ligands of the alane.
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Figure 3.16 '"H-'"TH NOESY/EXSY spectra of 3 in toluene-d8, tmix = 0.25 s (left)

and 1 s (right). Cross peaks: green: NOESY, blue: exchange.
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At short mixing times, the cross-peaks pipH < bridg. pip have higher intensity
compared to the cross-peaks of terminal pip (although their signal intensity is much

higher!), thus the former exchange is probably the faster one.

3.3.3.2 Influence of the initial reaction parameters on the piperidinoalane
formation

Kovar and Ashby!'%! reported a direct synthesis of piperidinoalanes at harsh
conditions 110 °C and 205-275 bar in benzene suspension of activated aluminum and
piperidine. In the present work, by activating aluminum with TM additives the direct
synthesis of piperidinoalanes became possible at much milder conditions. The direct
hydrogenation using activated aluminum prepared in the course of this work (Al*(Ti),
Al*(Zr), AlI*(Hf) or AI*(Y)), and its stabilization by piperidine was carried out in THF
under the hydrogen pressure 100 bar at room temperature. The main efforts were
made in order to evaluate the critical parameters influencing the direct hydrogenation

of aluminum supported by piperidine.
Effect of dopants on the direct hydrogenation of aluminum with piperidine

To learn about the nature of the reaction products, formed by using these different
types of activated aluminum, their 27’Al NMR spectra were recorded (Table 3.9). The
conversion values of activated aluminum were calculated based on the initial amount

of Al* and unreacted metal recovered after the reaction.

Table 3.9 Conversion values of aluminum activated by different TM additives and
the corresponding 2’Al NMR shifts (1: 152, 2: 128, and 3: 106 ppm) of the
piperidinoalanes formed at 100 bar and room temperature within 24 h.

Additive Unreac. Al*, g Al* convers., % 5(?Al), ppm
ZrClg 0.09 84 152, 129
HfCl4 0.13 76 152, 129

Ti(OBu)a 0.16 71 128
YCl3 0.46 16 107

The ?’Al NMR spectra of the various products (Fig. 3.17) revealed that for the Zr-
activated aluminum, the formation of 1 is preferred, indicated by the dominant signal
at & = 152 ppm. Similar behavior was observed for Hf-activated Al with the difference
that the content of 1 was lower. For the synthesis based on Ti-activated Al, only one

signal was detected at & = 128 ppm corresponding to compound 2.

82



3 LIQUID-STATE HYDROGEN STORAGE

® @

)

Al*(Hf)
Al*(Ti)

AI*(Y)

200 180 160 140 120 100
8 (Al) ppm

Figure 3.17 2’Al NMR spectra of products
(i.e. piperidinoalanes 1, 2, and 3)
obtained by hydrogenation of TM
activated aluminum AI*(TM) supported by
piperidine at 100 bar and room
temperature within 24 h.

In order to interpret these findings, it
is also important to note that the type of
complex formed correlates with the
amount of aluminum that has reacted
(Table 3.9).

activated Al was approximately 84 %,

The conversion of Zr-

which
values of the Hf-activated Al (76 %) and
Ti-activated Al (71 %). In the case of Y-

activated Al, the amount of converted

is higher than the conversion

aluminum was the lowest (16 %). In
addition, 2’Al NMR revealed the sharp
signal at & = 107 ppm that slightly differs
from 3 (at & = 106 ppm), formed by the
reaction of with

direct piperidine

aluminum hydride.

'H NMR of 3" spectra clearly showed two different piperidine moieties

surrounding the aluminum center (Fig 3.18).

(3) M
35 30 25 20 15 10 05
8 ("H) ppm

Figure 3.18 "H NMR spectra of 3 and 3 (formed from AlI*(Y) synthesis).

(3" "TH NMR (500.13 MHz, CeDe): & = 0.68 (1 H, m, N-H, pipH), 1.11 (4 H, qnt,

3J=5.5, B-CHz, pipH), 1.20 (2 H, m, y-CHa, pipH), 1.60 (12 H, m, B-CHz, pip), 1.78 (6
H, m, y-CH2, pip), 2.40 (4 H, m, a-CHz, pipH), 3.19 (12 H, t, a-CH2(N), pip) ppm. 13C
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NMR (125.7 MHz, CsDs): 6 = 24.5 (y-CHz, pipH), 26.0 (B-CHz, pipH), 27.2 (y-CHz, pip),
30.0 (B-CHz2, pip), 47.1(a-CH2(N), pipH), 50.4 (a-CH2(N), pip) ppm. 2’Al NMR (130.3
MHz, CsDs): & = 107 ppm.

Based on NMR signal integration, the ratio (3:1) between these two groups was
obtained. The signals corresponding to terminal piperidinyl groups for 3" are slightly
shifted compared to 3. Besides signals ascribed to terminal piperidinyl groups, just
three additional signals were assigned to a-, B- and y-protons of the piperidine group,
respectively. The signal at 0.68 ppm was assigned to the N-H group for 3". The more
precise investigation of this complex was hindered by its instability. Efforts to crystalize
the new species failed.

The simplest explanation could be that the dimeric structure of compound 3 was
broken. After integration of the 'H spectra, the composition of 3" - pipsAlpipH, was
expected. It was suggested that this complex was formed due to the presence of extra

piperidine in the reaction mixture:

pipn_ - PiP pip THF pip~,_ - PiP
>AI \AI/ + 2pipH =—= 2 >AI

pip \pip/ “pip pip \pipH
3 3

Scheme 3.17 Cleavage of dimeric structure of 3 in the presence of the excessive
amount of piperidine.

In order to confirm this suggestion the NMR measurements with 3 and piperidine

addition were performed (Fig. 3.19).

(3)+0.2mL pipH kF//L_Jb B

@+0.1mL pipH | hAAAJb A
<3>Q U M, L P

[ T I T ! | ! I T | ! | ! 1
4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
8 ("H) ppm

Figure 3.19 "H NMR spectra of pure 3 and with the addition of piperidine (in
0.5 mL benzene-d6).
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The solution of piperidine (pipH, 0.1 or 0.2 mL) in 0.5 mL benzene-ds was added
to pure 3 dissolved in 0.7 mL benzene-ds. With increasing pipH concentration the
bridging piperidinyl groups disappeared, however terminal ligands were not influenced.
The observed effect is possibly due to the rapid exchange of piperidine with piperidinyl
ligand in molecule 3, which resulted in the formation of 3".

The existence of 3" was confirmed by the addition of piperidine to the product
formed by the direct hydrogenation of Al*(Zr) (1 and 2). After the hydrogenation
reaction in the autoclave reactor was completed, 0.5 mL of piperidine was added to
1 mL of the filtered reaction mixture. The NMR spectra recorded for both samples
detected the change from 1 and 2 to 3" in the sample with piperidine addition
(Fig. 3.20).

(1) (2) 39

+0.5mL pipH
+0.5mL pipH someeen

Nl

45 40 35 30 25 20 15 10 05 200 180 160 140 120 100
8 ("H) ppm 8 (*’Al) ppm

Figure 3.20 'H and 2’Al NMR spectra of product formed by direct hydrogenation
of Al*(Zr) supported by piperidine (bottom) and with the further addition of 0.5 mL of
piperidine (top).

Based on the NMR data (Fig. 3.18 - 3.20), it was concluded, that complex 3" was
formed only when an excessive amount of piperidine is present in the reaction mixture.
This conclusion also correlates with the amount of converted Al*(Zr) (Table 3.10) and
products formed within different reaction times.

Table 3.10 Influence of the reaction time on the conversion of Zr-activated

aluminum supported by piperidine and corresponding 2’Al NMR shifts (1: 152, 2: 128,
and 3: 106 ppm) for the piperidinoalanes formed at 100 bar and room temperature.

Reaction time, h Unreac. Al*, g Al* convers., % S(?’Al), ppm
6 0.44 20 107
18 0.27 51 129, 107
24 0.09 84 152, 129
48 0.03 95 152, 129
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The performed experiments showed
(Fig. 3.21), that at a short reaction time (6
h or 18 h) 1 was not detected at all. The
extension of the reaction time to 24 h
leads to the formation of 1 and 2,
however, after 48 h only the ratio between
1 and 2 changes, and the Al* conversion
was increased by 11 % (Table 3.10).
From this finding and the one that with
larger alane content in solution the
coordination pattern shifts from 3" via 3 to
2 and from 2 to 1, it can be concluded that

1 is only formed if there is no free

(1 2)

b

w

)

G

48 h
24 h
wh
6 h

200 180 160 140 120 100
8 (*’Al) ppm
Figure 3.21 2’Al NMR spectra of products

obtained by hydrogenation of Zr-activated
aluminum supported by piperidine within

the different reaction times.

piperidine available in reaction
mixture.

Based on these observations the overall reaction pathway for the direct
hydrogenation of activated aluminum Al* supported by piperidine is proposed in

Scheme 3.18.

2 pipH
2 AlH, 2 pipH-AlH;
0, 3
%V \
2A* 2 pipsAlpipH [PIPAIR; ],

23 L
%) S ) RS
pipsAl, i o Qﬂ‘f‘”
. 2 AlH, |p|p2AIH ]2

2 pipH 2
-2H,

Scheme 3.18 Proposed pathway of activated aluminum hydrogenation in the
presence of piperidine.

The role of the TM for hydrogen sorption/desorption in aluminum systems was
intensively discussed in doped sodium alanatel??8-22°], However, the exact mechanism
is not yet well understood. It is assumed that the dopant lowers the activation energy
barrier and can act as a conduit for the splitting of H—H bonds on the aluminum surface
and leads to the intermediate formation of alanel?3%-233, |n the case of aminoalanes,

the formed alane can then be stabilized by the N-donor ligand®'19%, for the secondary
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amine (pipH) the intermediate amine-alane complex (pipH-AlH3) can be formed. Since
pipH-AlH3 is unstable and eliminates hydrogen below room temperaturel'®], the first
stable product is [pipAlH2]2 (1). In the presence of additional piperidine, 1 reacts further
to form [pip2AIH]2 (2) and with higher excess of piperidine to [pipsAl]2 (3) or even
pipsAlpipH (3°). Amine can also play an essential role in the surface reaction by
removing alane from the aluminum surface and keeping it in solution. It is important to
note that the formation of piperidinoalane from activated aluminum and piperidine is
also feasible without the supply of hydrogen gas (Appendix B, Fig. B.1). Therefore, the
formation of 3 (or 3”) from activated Al and piperidine and its further reaction with alane
to 2 and 1 can take place parallel to the formation of alane (Scheme 3.18). The
importance of amines in catalyzed hydrogenation reactions was also emphasized by
work regarding catalytic hydrodechlorination of BCIls using a nickel boride
catalystl234.235],

Summarizing, it was demonstrated that piperidinoalanes can be prepared by
using aluminum activated by any of four TM additives. The TM activity for the
piperidinoalane formation decreases in the order of Zr > Hf > Ti > Y. It is important to
note, that piperidinoalane did not form when Al was used without any TM compound,
signifying the role of the additive in the aminoalane formation. Activation of metal with
the TM additive is one of the key factors for reversible hydrogenation. The Ti-based
catalysts were reported by being unusually very efficient catalysts for the
dehydrogenation of complex hydrides!’%8%236] For example, the TM catalytic activity
order defined for sodium alanatel(®3237.238]: Tj > Zr > Hf > Y, differs from the one obtained
in this work. The enhanced kinetics for H2 desorption by doping with titanium could be
explained by the larger electronegativity compared to other TM additives (Table 3.11),
hence, contributing to the distortion of the structure by the reduction of the anionic

charge of the complex adjacent to a Ti dopant.

Table 3.11 Relevant properties of the selected metals!239.240],

Metal Pauling electronegativity Electron Effective ionic
(xr) configuration radii, A
Al 1.61 3s23p' 0.53
Ti 1.54 3d%4s? 0.74
Zr 1.33 4d?5s? 0.84
Hf 1.30 5d?6s? 0.83
Y 1.22 4d'5s? 1.02
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In the case of aminoalanes, the additive should lower the hydrogenation energy
barrier of aluminum and lead to the formation of intermediate AlHs. Thus, Ti additive is
promoting both the alane formation and the aminoalane destabilization, consequently
leading to the formation of the more thermodynamically stable species 2. Zirconium
and hafnium have similar properties, and, thus, showed a similar trend (Fig. 3.17), both
additives led to the formation of 1 and 2.

The dependence of the ionic radius and the catalytic activity is also apparent.
Very low catalytic activity for yttrium was observed, which has an ionic radius
significantly larger than that for aluminum (0.53 Al?40]). As smaller the ionic radius as
easier the ion can substitute into the aluminum latticel®® and create defects in the
structure.

The mentioned above assumptions are only attempts to explain why some TMs
have higher or lower catalytic activity compared to others. Future work should focus
on in situ experiments (NMR, IR) to understand the role of the TM additive in enabling

the hydrogenation reaction.
Influence of the solvent

The media in which hydrogenation takes place is the other important parameter,
which can influence the efficiency of aluminum hydrogenation. The results of the
attempts on the direct hydrogenation of Zr-activated aluminum supported by piperidine
performed in THF, diethyl ether, and benzene are summarized in Table 3.12. These
syntheses were performed in collaboration with F. Habermann in terms of her bachelor
thesis[?141,

It was experimentally confirmed that replacing THF with another solvent (diethyl

ether or benzene) has led to the lowering of the Al*(Zr) conversion value (Table 3.12).

Table 3.12 The conversion values of Zr-activated aluminum supported by
piperidine and the corresponding 2’Al NMR shifts (1: 152, 2: 128, and 3: 106 ppm) for
the products formed at 100 bar and room temperature within 24 h by using different
solvents.

Solvent Unreac. Al*, g Al* convers., % 5(¥’Al), ppm
THF 0.09 84 152, 129
Et2O 0.21 62 152, 129

Benzene 0.31 44 129, 106

The ?’Al NMR analysis of the products formed from Zr-activated aluminum

supported by piperidine in the various solvents is shown in Figure 3.22.
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When benzene was used as a
solvent, compounds 2 and 3 were formed,
only. In diethyl ether compounds 1 and 2
were detected as  hydrogenation
products, with a lower concentration of 1
compared to 2. Only THF favored the
formation of 1 and smaller quantities of 2.
The higher efficiency of THF instead of
Et2O was also confirmed for the direct
formation of LiAlH4 from LiH and AIPY. In
that case, the better performance of THF

was explained by the differences in the

THF

o -

Benzene
M

260 '1é0 '1é0 '140 '1é0 '160
8 (*Al) ppm
Figure 3.22 Comparison of the 2’Al NMR

spectra of the products from the direct
hydrogenation reactions made in different
solvents at 100 bar and room
temperature.

formation enthalpy for the concentration
dependent solvent-separated ions (in
THF) over the solvent-separated contact
ions (in Et20).

The high dipole moment of THF (1.63 D) for which exceeds that of Et20 (1.15 D)
(given values for the gas-phase molecules)®? may play an important role in the
stabilization of the amine-alane complex. The interaction between THF and Al is clearly
stronger than for Et2O and Al, which is a too feeble solvent to stabilize the formation of
the intermediate AlH3. The complexation with the solvent is the possible reason why
activated aluminum can be hydrogenated in the solution by leveling the thermodynamic
playing field that is otherwise dominated in the solid state. Thus, it can be concluded
that the stability of the alane-solvent complexes decreases in the following order:
tetrahydrofuran-alane > diethyl ether-alane > benzene-alane. The variation in the
stability of the formed alane-solvent complexes parallels the coordinating ability of the
solvents. Since the alane-tetrahydrofuran solvate species is more stable it is unlikely
to improve the hydrogenation of aluminum with the weaker bound solvents like diethyl

ether or benzene.
Temperature and pressure influence

In order to increase the yield of the product, the main reaction parameters
(temperature and pressure) were investigated in this section. The reaction temperature
was varied in the range from 0 °C to 60 °C (Fig. 3.23), keeping the other conditions in

the reactor constant.
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The syntheses at 0 °C and 40 °C
were performed in collaboration with
F. Habermann in terms of her bachelor
thesisl2141,

It was shown that with increasing the
temperature from 0 °C to 40 °C the pattern
shifts from 3" to 1. Further increase of the
reaction temperature from 40 °C to 60 °C
leads to the shifting from 1 to 2. On the
one hand, the high reaction temperature
can promote aluminum hydrogenation, on
the other hand, lead to the

decomposition of alane, therefore there is

it can

an optimal temperature to achieve the
maximum conversion of aluminum. Based
on these results it is also assumed that
compound 2 is the most stable of

piperidinoalanes.

—~
w
\—;

\
=X

Vad

0°C

L

200 180 160 140 120 100
3(*’Al) ppm
Figure 3.23 2’Al NMR spectra of the
products from the direct hydrogenation of

Al*(Zr) supported by piperidine performed
at different temperatures.

Table 3.13 shows the Al*(Zr) conversion values depending on the reaction

temperature. The obvious maximum of the aluminum conversion was observed by

differing the reaction temperature, in the temperature range 0 — 35 °C the conversion

increased by 67 %, with further increasing the temperature to 60 °C, the conversion of

aluminum decreased by 25 %.

Table 3.13 The influence of the temperature on the conversion of aluminum
supported by piperidine and the corresponding 2’Al NMR shifts (1: 1562, 2: 128, and 3:
106 ppm) for the products formed at 100 bar within 24 h.

T, °C Unreac. Al*, g Al* convers., % 5(?"Al), ppm
0 0.38 31 106, 128
20 0.09 84 128, 152
35 0.01 98 128, 152
40 0.02 96 128, 152
50 0.06 89 129, 150
60 0.15 73 129, 150

In order to investigate the influence of the pressure on the piperidinoalane

formation, the syntheses were performed in steps of 20 bar from 20 bar to 100 bar.

Table 3.14 shows the dependence of the conversion values of the aluminum powder
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on the change of pressure. Surprisingly, the hydrogenation of Zr-activated aluminum
was realized already at 20 bar with the high conversion value for aluminum — 84 %.
With the further increase of the hydrogen partial pressure, the conversion of Al* did not
change significantly (x 2 %), however, the proportion of the obtained products 1 and 2
in the reaction mixture was varied (Appendix B, Fig. B.2). In order to determine the
correlation between compounds 1 and 2, the program for the deconvolution of the 27Al
NMR spectra (dmfit) was used (Appendix B, Fig. B.3). After the performed simulation,
the presumable proportion of each compound in the reaction mixture, depending on
the area under the absorption curve, was calculated (Table 3.14). There was observed
no strong dependence in the ratio between 1 and 2, even when the pressure was
varied over the wide range. However, at the hydrogen pressure of 80 bar, the
predominant formation of compound 1 in the product mixture was detected.

Table 3.14 The influence of the pressure on the conversion of Zr-activated

aluminum supported by piperidine and the corresponding 2’Al NMR shifts (1: 152, 2:
128) for the formed products at room temperature within 24 h.

P,bar  Unreac. Al*,g Al* convers.,% &(*Al), ppm (1), % (2), %

20 0.09 84 129, 148 58 42
40 0.10 82 129, 151 63 37
60 0.08 86 129, 152 61 39
80 0.09 84 129, 149 76 24
100 0.09 84 128, 152 63 37

Summarizing, the positive effect of the hydrogen partial pressure on Al*
conversion was expected, as the higher hydrogen pressure allows the reaction to
proceed at higher reaction rates. Despite that, the hydrogen partial pressure of 20 bar
was sufficient to obtain the high conversion value of Al*, whereas at 80 bar the
enhanced formation of desired compound 1 was observed. The results of this study
indicated that the optimal reaction parameters for the hydrogenation of Zr-activated

aluminum were the temperature of 35 °C and the hydrogen pressure of 80 bar.

3.3.3.3 Reversible hydrogenation in piperidinoalane system

In order to test [pipAlHz2]2 as a model for AlI-N-H based hydrogen storage
applications, it is of interest to study its dehydrogenation/rehydrogenation cyclability.
The thermal behavior of 1 was investigated by simultaneous TG-DSC-MS analysis
(Fig. 3.24). The obtained data showed that the first endothermal signal at 97 °C
corresponds to the melting point of [pipAlH2]2. The first mass loss is connected to the
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hydrogen release and finishes with an endothermal process at 206 °C which probably
corresponds to the decomposition of 1 into 2 with the release of hydrogen and
aluminuml!'®l. The observed partial sublimation of 1 may explain the fluctuations of the
heat flow signal and the higher mass loss (22.4 %) compared to the calculated ones
(1.33 %) that assume hydrogen release, only. The next endothermic effect at 310 °C

is assigned to the decomposition of 2 with the release of hydrogen and piperidine.

-16
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Figure 3.24 Simultaneous DSC (top), TGA (middle), and MS (bottom)
measurement of [pipAlH>]2 (1) (performed in MPI, Miilheim).

The pyrolysis experiment of 1
(1 2)

1) after 200°C ! : confirmed that the solid obtained after

| i decomposition at 200 °C is identical to 2
“M (Fig. 3.25). Decomposition of 1 was
3 3 performed in steps of 20 °C from 100 °C
until 200 °C. After 2 h at the desired
temperature, the sample was cooled and
the part of the solid was taken for NMR
2(|)0 | 1EI50 | 1(|30 | 1;10 | 150 | 1(|)0 analysis, afterwards, the sample was

8(¢'Al) ppm heated until the next desired temperature.

Figure  3.25  Stepwise  thermal NMR analysis of the sample after 200 °C
decomposition of [pipAlH2]2 (1).

(1) after 160°C

(1) after 120°C
1

revealed the presence of only 2.
Figure 3.25 shows that the decomposition of 1 to 2 commences at around 160 °C,
with increasing temperature the 1 : 2 ratio decreases. In addition, starting from 160 °C,
partial sublimation was observed on the cold part of the flask and a grey precipitate on

the bottom, confirming the suggestions made from TG-DSC measurement.

92



3 LIQUID-STATE HYDROGEN STORAGE

TG-DSC-MS analysis of compound 2 showed the small and weak endothermic
signal at 121 °C (Fig. 3.26), corresponding to the melting point, reproduced by several
measurements. The second event starts at 275 °C, assigned to the decomposition of
2, and is followed by the vigorous release of piperidine and hydrogen, which caused
the fluctuations of the heat flow signal. This endothermic event finished at 306 °C with
a mass loss of 68.8 %. The same event was observed for compound 1 confirming the

suggestion about the decomposition of 1 via 2.
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Figure 3.26 Simultaneous DSC (top), TGA (middle), and MS (bottom)
measurement of [pip2AIH]2 (2) (performed in MPI, Miilheim).

e
o

A similar trend was observed for compound 3 at 291 °C, corresponding to the

decomposition of the final compound and piperidine by itself (Fig. 3.27).
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Figure 3.27 Simultaneous DSC (top), TGA (middle), and MS (bottom)
measurement of [pip3Al]2 (3) (performed in MPI, Miilheim).
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The decomposition analysis of compound 3 shows several thermal events (Fig.
3.27). The sharp endothermic signal at 77 °C is attributed to the melting point. The next
endothermic signal is considered to be the first decomposition step of 3 supported by
intensive piperidine release with a mass loss of 19.4 %. The cause for two endothermic
events at 199 °C and 243 °C is not clear. The mass loss of 33.8 % was observed after
the last endothermic event at 291 °C. The vaporized products detected by MS,
hydrogen and piperidine, confirmed the second decomposition step of compound 3.

The formation of 1 by direct hydrogenation and its continued reaction, more
precisely its decomposition, to 2 may be an important step for hydrogen storage in this
system:

H\_ PP _H H\_ PPN PP
2 Al AT =—= Al Al
H/\pip/\HA 7N TN
1 2

pip pip H
Scheme 3.19 Proposed pathway for the formation of 1 from activated aluminum
with piperidine, and its subsequent dehydrogenation.

4AI*+4pipH+2H2T> +2A*+3H,

It must be noted, that the thermal decomposition of [pipAlH2]2 does not allow to
simply revert to the amine but to [pip2AIH]2, as the first reaction step in Scheme 3.19
is considered as being largely irreversible. Thus, the reversible hydrogen storage cycle
can only be based on the second step if it is found to be reversible. To test the
reversibility of this step, the product formed by direct hydrogenation of Zr-activated
aluminum supported by piperidine was decomposed in THF and then reformed in the
reactor, according to Scheme 3.19. After optimization of the procedure (hydrogenation
step: 21 h at 80 bar of Hz2 pressure and a temperature of 35 °C with 10 % excess of Al*,
dehydrogenation step: 6 h at 120 °C) the conversion of the Zr-activated Al reached
98 %. The hydrogen pressure change during one cycle is displayed in Fig. 3.28. The
hydrogen uptake due to the H:2 dissolution and the hydrogenation of activated
aluminum stabilized by piperidine led to the pressure change of 13.1 bar. In contrast,
a pressure change of 8.4 bar due to Hz dissolution was observed for the experiment
performed only with THF. The right graph of Fig. 3.28 shows the decomposition of the
product formed in THF upon heating to 120 °C and the control experiment performed
only with THF. The gas released after heating was vented from a pressure level of 5.8
bar to bring the reactor down to atmospheric pressure. In the blank experiment, only

2.3 bar of residual pressure was released.
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Figure 3.28 Reactor pressure during hydrogenation of Zr-activated aluminum
and piperidine in THF slurry (80 bar/35 °C, left) and decomposition of the formed
product (120 °C, right).

After each hydrogenation and dehydrogenation step, samples for NMR

measurements were taken (Fig. 3.29, right).

200 180 160 140 120 100
2 d(*Al) ppm
Figure 3.29 The proposed hydrogenation/dehydrogenation cycle applying
piperidinoalanes (left). 27Al NMR spectral study of reversible hydrogenation of
[pip2AIH]2: A — spectrum after first hydrogenation (80 bar/35 °C); B — spectrum after
thermal decomposition (120 °C); C - spectrum of second hydrogenation (80 bar/35 °C),

grey: A — spectrum of pure 1; B — spectrum after thermal decomposition (200 °C); C -
spectrum after hydrogenation (100 bar/RT) (right).

The signals at 6 = 152 and 129 ppm, which belong to 1 and 2, respectively,
resulting from the measurement that was recorded after the first hydrogenation step
(Fig. 3.29, A). After the decomposition of 1 upon heating to 120 °C, only a signal at
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0 =129 ppm remains and indicates the formation of 2 (Fig. 3.29, B). Thus, the
observed scenario of the dehydrogenation of 1 appears to follow the proposed route
(Fig. 3.29, left). In the second hydrogenation step, 2 was hydrogenated to 1, however
not completely. Two signals were recorded at 6 = 152 and 129 ppm (Fig. 3.29, C)
demonstrating that 1 can be synthesized reversibly by direct hydrogenation from 2.

It must be also noted that the reversibility was not successful when starting from
pure 1 in THF (Fig. 3.29, grey). Whereas the decomposition of 1 to 2 still occurred
(Fig. 3.29, grey B), the hydrogenation from 2 to 1 failed. A higher temperature was
needed for the decomposition of pure 1 (200 °C), compared to the product obtained
from Zr-activated Al* (120 °C). Therefore, it can be concluded, that the TM can
catalyze, as expected, both directions: it supports the hydrogenation of activated Al in
the presence of piperidine, and decreases the dehydrogenation temperature of the
formed compound.

In order to gain more understanding about the mechanism of the reversible
hydrogenation cycle, two additional experiments applying compound 2 (differently
prepared) were carried out in an autoclave reactor:

1) Compound 2* (formed from activated Al*(Zr) and piperidine) with additionally

added non-activated Al.

2) Compound 2 (formed from AlH3 and piperidine) and additionally added activated
Al*(Zr).

(1) (2) Both syntheses were carried out in
THF solution at the same conditions
(hydrogen pressure of 100 bar, room
temperature, reaction time 24 h). After the
reaction, the sample for NMR analysis
was taken in both cases. In the first case,
after the hydrogenation of compound 2*
and non-activated aluminum, the 27Al

NMR spectra showed only one signal at

200 180 160 140 120 100 128 ppm, which corresponds to starting
& (*’Al) ppm compound 2 (Fig. 3.30). The reversible
Figure 3.30 Al NMR spectra of hydrogenation was not realized, even so,
compound 2 (bottom) and products the compound 2* was formed (previously)
obtained  after  hydrogenation  of
compound 2* with metallic Al (middle),
compound 2 and Al*(Zr) (top).

from activated aluminum.
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In the second case, ’Al NMR revealed the intense signal at 152 ppm and a
smaller signal at 129 ppm, corresponding to compounds 1 and 2, respectively. The
hydrogenation of compound 2, in the second case, was realized. Thus, it was
confirmed that compound 1 can be formed from 2, even if it consists of non-activated
aluminum. Based on these observations, it became apparent that the driving force for
the reversible hydrogenation has to be the activated aluminum. The attempt to explain

the reaction mechanism is shown in Scheme 3.20.

) N ) )
Al—H
H N '\O H Y H} N N.___
N b

™~
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Scheme 3.20 The proposed mechanism of the reversible hydrogenation cycle in
piperidinoalane system.

Initially, the intermediate formation of aluminum hydride from activated aluminum
has been suggested. Further, aluminum hydride interacts with compound 2 and the
hydrogen transfer from aluminum hydride to aluminum of compound 2 take place. In a
similar manner, the terminal piperidinyl ligand of compound 2 transfers to aluminum of
alane, resulting in the formation of monomeric piperidinoalane (pipAlHz), which then
further stabilizes by the formation of the dimeric compound 1. As mentioned above,
the thermolysis of compound 1 leads to the formation of compound 2, with the release
of hydrogen and aluminum, and the cycle can be started again. For a more detailed
understanding of the hydrogenation/dehydrogenation mechanism, the in situ
experiments with deuterium gas will be helpful.

3.3.4 Conclusions

A primary goal of this work was to explore the options for hydrogenation of
aminoalanes, and to understand the factors that enable this reaction to proceed
reversibly. While the majority of current research has been focused on the separation
of hydrogen from amine-alane complexes or on the search for new Al-N-based
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materials with favorable hydrogen release properties, in this work, it was showed that
the development of the new method that establishes sustainable cycles for known
material is an equally valid approach that could provide the solution for hydrogen
storage when the properties of the material are well investigated.

In this study, the perspective approach for the reversible hydrogenation in
aminoalane has been developed, which could provide a solution for hydrogen storage
in other similar systems. After unsuccessful attempts to rehydrogenate aminoalanes in
the solid state, the reversible hydrogenation of aminoalanes in the presence of solvent
was performed. In this respect, the discovery of the reversibility in the piperidinoalane
system is encouraging although the weight percentage of hydrogen stored is low. In
order to fully exploit the potential of piperidinoalanes as hydrogen storage materials,
the properties of the corresponding aminoalanes were investigated. As the result of
the structural and spectroscopic characterization, two crystal structures, [pip2AIH]2 and
[pipsAl]2, were revealed. Both structures possess dimers with [AIN]2 units as central
elements. Furthermore, the pathway to obtain hydrogen from [pipAlHz]2 by its
controllable decomposition to [pip2AIH]2 which can then again be hydrogenated to
[pipAlH2]2 was presented.

In order to optimize the developed aminoalane system, several reaction
parameters (temperature, pressure, and solvent) were varied. It was established that
the key aspect that enables hydrogenation of aluminum is the coordinating ability of
the solvent that can sufficiently stabilize the intermediate alane and support the amine-
alane formation.

The other significant results were obtained from the investigation of the ability of
TM additives (Ti(OBu)4, ZrCls, HfCl4, YCI3) for aluminum activation. It has been shown,
that not only Ti, but also Zr and Hf can efficiently promote the activation of aluminum
for its hydrogenation. The attempt to explain the TM activity order (Zr > Hf > Ti > Y) for
the formation of aminoalanes has been done.

Future work should focus on in situ experiments (NMR, IR) to understand the role
of the TM additive in enabling the reversibility of the hydrogenation reaction. The
additional study on the additive amount for the aluminum activation may also be useful

for improving the cycle performance.

98



4 SOLID-STATE HYDROGEN STORAGE

4 SOLID-STATE HYDROGEN STORAGE

This chapter is organized in three sections that cover the theoretical,
experimental, and practical aspects of the doped-NaAlH4 system. The introduction part
presents an overview of the recent developments that have been made in the field of
doped-NaAlH4 system, with the emphasis on selected catalyst materials, doping
procedure, as well as thermodynamics and kinetics of the fundamental
(de)hydrogenation reaction chemistry.

In the experimental part, the change of the hydrogen sorption/desorption
behavior of sodium alanate upon doping with the different levels of the additive has
been investigated. The aim of this work was to develop the hydride composite (based
on sodium alanate) for hydrogen storage in high-pressure tanks. Therefore, it was of
interest to investigate to which degree the high content of titanium additive does have
a catalytic or thermodynamic impact on the (de)hydrogenation of sodium alanate. In
the first instance, the improvements have been made with respect to the kinetics of
(de)hydrogenation reactions by the addition of the high amount of TiCls to NaAlHa.
Further improvements have been achieved regarding the gravimetric storage capacity
by the addition of Al powder to Ti-doped NaAlH4 samples.

The main instrumental techniques, used in this work, include high-pressure DSC
for the study of thermal effects of doped sodium alanate, and Sievert's apparatus for
the characterization of the hydrogen sorption properties of the materials. With the help
of XRPD and TG-DSC, the state of the samples between the hydrogenated and

dehydrogenated forms has been determined.

4.1 State of the art

Hydrogen storage in solids is considered to be an attractive method for the
realization of hydrogen storage systems, where the safety, sustainability, and

performance requirements may be met.

4.1.1 Thermodynamic tuning of the hydrides

Nowadays, there exist plenty of complex metal hydrides, but none of them can
simultaneously satisfy suitable kinetic and thermodynamic properties with the high
gravimetric storage capacity, necessary for a practical solid-state hydrogen storage
system. While, in the past, kinetic limitations could be solved successfully by the

addition of the doping agent, thermodynamic constraints still remained.
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The reaction enthalpy has been a serious problem preventing the adoption of
complex hydrides for hydrogen storage. For hydrogen sorption at useful temperature
(below 100°C) and pressure (up to 10 bar), the potential hydrogen storage material
should have a reaction enthalpy of about 20 - 30 kJ/(mol H2)!"3l. Unfortunately, the
thermodynamic properties of most currently known hydrides fall outside this range. The
materials with small values of reaction enthalpy are highly unstable and require high
hydrogen pressure for rehydrogenation. The other part of the hydrides have rather high
thermodynamic stability and require high temperature for hydrogen release.

One of the promising approaches to meet the thermodynamic target is to alter the
thermodynamics of the complex hydrides!'>241l In principle, there are two approaches
possible, in order to adjust the reaction enthalpy of the hydrides. The first option is a
substitution in the metal lattice and the formation of a new intermetallic single-phase
hydride. In this case, in order to decrease the overall reaction enthalpy, the enthalpy
of formation of the new hydride has to be smaller than the heat of formation of the
intermetallic compound. This pathway was successfully demonstrated by
Libowitz et al.4?, who could achieve a breakthrough in solid-state hydrogen storage
by discovering the reversible intermetallic compound ZrNi. This alloy reacts reversibly
with gaseous hydrogen to form the ternary hydride ZrNiHs, which has thermodynamic
stability in between the stable high-temperature hydride ZrH2 and the rather unstable
NiH. This work opened up a new research field which led to the discovery of hundreds
of new interesting compositional types with different thermodynamic properties
following Miedema's rule of reversed stability!?43:

AH(ABnH2m) = AH(AHm) + AH(BnHm) - AH(AB») 4.1)

Generally, these intermetallic alloys consist of a high-temperature hydride

forming element A and a non-hydride forming element B shown in Table 4.1.

Table 4.1 Hydrogen storage properties of typical intermetallic hydrides(244.249],

Composition A B Example wt.-% H2 Peq, T

AzB Mg, Zr Ni, Fe, Co Mg2Ni 3.6 1 bar,

’ T 555 K

. . . 1.9 5 bar,

AB Ti, Zr Ni, Fe TiFe 303 K
. V, Cr, Mn, 3.0 10-8 bar,

AB2 Zr, Ti, Y, La Fe. Ni Zr\/2 323 K
. . 1.8 0.5 bair,

AB3 La, Y, Mg Ni, Co CaNis 208 K

Ni, Cu, Co, . 14 2 bar,

ABs Ca, La, Ce Pt, Fe LaNis 208 K
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This is a relatively straightforward process, which is mainly used for the metal
hydrides, where the initial metal can be alloyed with a second metal to alter the hydride
stability. Another example of Ni-composites is intermetallic Mg2Ni, the reaction
enthalpy of this alloy is reduced by about 11 kJ/(mol Hz) for Mg2NiH41246], compared to
pure MgH2 (74 kJ/(mol H2))l. However, the main drawbacks of this system are low
storage capacity (3.6 wt.-%) and still too high desorption temperature (above 250 °C).

The alloying with TM may significantly improve hydrogen release and uptake
properties of metal hydrides[38:39247] The Mg-Til?*8] and Mg-V?4% hydride phases have
lower desorption temperatures, 130 °C and 160 °C, respectively, than pure MgH:2
(above 300 °C). Despite that, the reversibility and long-term stability of these systems
are questionable. Other examples are the Mg-Cd[?%0, Mg-Agl?51.2521 systems, which
also result in a decrease in enthalpy change and desorption temperature compared to
pure magnesium. The theoretical study?>3l predicted, that the ability of the alloying
atom for the destabilization of magnesium hydride decreases in the following order
Cu > Ni> Al > Nb > Fe > Ti. Thus, the composition modification by the addition of the
other metal is a viable option for reducing the thermodynamic barrier of the metal
hydrides. However, it can become ftrickier for the complex hydrides, where the
electronegativity of the cation and anion complexes determine the structure and
bonding of the compound.

Different groups have searched for mixed alkaline or alkaline earth-based
alanates and borohydrides[?®42%1. A very prominent example for tuning of
thermodynamic properties of complex metal hydrides is the LiBH4/Al system[257-259],
Aluminum addition decreases the decomposition temperature of this system and LiBH4

can be formed from LiH and AIB2 at 450 °C under a hydrogen pressure of 13 barl?%"l;

2LiBH, + Al == 2LiH + AIB, + 3H, (4.2)
The interesting lithium-magnesium alanatel®’! system has the dissociation

enthalpy of 13.1 kd/mol for the second endothermal step:

100 °C
LiMg(AIH,), — LiMgAIH, + 2Al + 3H, (4.3)
) 150 °C .
LIMgAIH, + 2Al — MgH, + (LiH) + 3Al + 3/2H, (4.4)

A positive effect on the thermodynamics was observed in the fluorine-modified
Na-Al systems, which yields in the reduction of the overall reaction enthalpy to
35 kd/mol H2?%81, Theoretically, 3.3 wt.-% of hydrogen could release by the following

reaction scheme:
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1/2NaAlH, + 1/6Na,AlIF, == 1/3Na,AlH,F, + 1/3Al + 1/2H, (4.5)
1/3Na,AlH,F, + 1/3A1 == NaF + 2/3Al + 1/2H, (4.6)

Generally, the alloying of the hydrides with the other non-hydrogen-containing
element/compound can effectively decrease the operation temperature, but at the
same time, it also reduces the total hydrogen storage capacity. To overcome this
drawback, the second approach to alter the reaction enthalpy was developed. This
concept is often referred to as the reactive hydride composite (RHC)"126%, |n these
systems, two high-capacity hydrides are combined and the reaction enthalpy of the
hydride can be tailored very efficiently, if a new stable compound is formed. This
approach is more successful, as the total hydrogen storage capacity of the composite
is the sum of the added hydrides. Vajo et al.[’'l were the first who demonstrated this
approach by designing the MgH2/LiBHs4 composite in order to lower the
dehydrogenation temperature of LiBH4. The formation of MgB2 upon decomposition

stabilizes the dehydrogenated state and, thereby, destabilizes LiBHa4:
LiBH, + 1/2MgH, == LiH + 1/2MgB,, + 2H, (4.7)

This composite shows a superior reversible hydrogen capacity of about 8 wt.-%,
which is 70% of the theoretical value. The hydrogenation/dehydrogenation enthalpy
was reduced by 25 kJ/(mol H2) compared with pure LiBH4 (74 kJ/(mol H2)2),

Following this pioneering work, a large number of other metal hydrides (CaH2[?%"],
YH3l?62.263] CeH2[261262] SrH,I264]) were investigated in order to obtain the reversible
composites with LiBH4. The remaining issue of these composites is to allow lower
temperature applications.

The situation has been changed when high-pressure hydrogen storage was
suggested for on-board application, due to the absence of the practical hydrogen
storage concept. A possible solution could be a novel hybrid tank system, which
combines a high-pressure tank with unstable metal hydrides. This system could show
obvious advantages in terms of gravimetric and volumetric hydrogen density compared
to high pressure, solid-state, or liquid hydrogen storage techniques.

The possible adjusting of the hydrogen pressure can be achieved by the
combination of the stable and unstable hydrides or hydride forming compounds. The
higher dissociation pressure was observed for Mg-Al phases(?652%6] compared to pure

Mg. The hydrogenation of Mg-Al intermetallic phases leads to the formation of MgH-2
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and Al and a new phase is formed back upon dehydrogenation. The general

hydrogenation/dehydrogenation reaction can be written as follows:
xMgH, + yAl == Mg Al + xH, (4.8)

However, the formation of AlIHs or Mg(AIH4)2 could not occur during the
hydrogenation of Mg-Al system, since severe conditions are needed(?67],

The increase of the pressure plateau was also observed by adding a large
amount of the dopant (TiCl3) to NaAlH4[?%8l. Such a change of properties of this system
remains not completely clear. The possible explanation of this phenomenon could be
the formation of AlTi-alloy, which then can alter the thermodynamic of the NaAlH4
system.

To summarize, tremendous efforts have been made to overcome the
thermodynamic barrier of the hydrides and to obtain the material with suitable
dehydrogenation properties. Despite all the strategies mentioned above, there are still
left many challenges to meet all requirements of the practical hydrogen storage

system.

4.1.2 Features of the sodium alanate system

Among other solid materials, sodium alanate is one of the most thoroughly
investigated hydrogen carriers due to its favorable gravimetric storage density,
auspicious operating conditions, and reversibility in the presence of the additive.
Moreover, sodium alanate is also significantly cheaper than classical interstitial metal
hydrides making it the most practically viable solid system known. Despite the
comprehensive knowledge in the field of hydrogen storage in sodium alanate, the
practical approach to overcome the present drawbacks of this system has not been yet
proposed. As will be shown in the following sections many attempts have been made
to favorably modify the enthalpy of hydride formation. While the reaction kinetics could
be optimized significantly by the addition of the additive, the desorption enthalpies of
NaAlH4 and NasAlHs (37 kJ/(mol Hz2 and 47 kJ/(mol H2)i8l) are still too large for many
applications.

The presented in the literature contradictory observations and statements on the
hydrogen absorption/desorption pathways hindered the understanding of the
fundamental processes that appear during hydrogen sorption in sodium alanate, which
is of key importance toward modification and design of materials for hydrogen storage.

Thus, the next part will point out the fundamentals of the reversible hydrogenation of
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the sodium alanate system and will present an overview of the recently discovered

methods for the catalytic enhancement of this process.

Decomposition and hydrogenation processes

A brief description of sodium alanate formation and decomposition was
mentioned already in 1955 by Finholt et al.?%%, The formed salt by the reaction of
sodium hydride with aluminum chloride/bromide started to melt at around 183 °C and
was decomposed at 230-240 °C. The more detailed studies of the sodium alanate
properties were made several years later by different groups(®”270-2721 |n general,

NaAlH4 can release hydrogen in the following three steps:

220 °
3NaAlH, — Na,AlH, +2Al +3H, (3.7 wt.-% H,) (4.9)
NaAH, 222 % 3NaH+Al+3/2H, (1.9 wt-% H,) (4.10)
3NaH 22225 3Na + 3/2H, (1.9 Wt.-% H,) (4.11)

The final decomposition of NaH (eq. 4.11), which would give the total storage
capacity of 7.5 wt.-% Hz, requires a temperature (above 450 °C) that is too high for
most applications. The occurrence of these dehydrogenation reactions has been
verified during studies of the thermal behavior of NaAlH4 by a variety of techniques
including thermal analysisi®”l, in-situ X-ray-diffraction?3%, solid-state NMR
spectroscopy?’3l, and others.

The direct formation of NaAlHs from the elements was first reported
independently by Clasen?’% and Ashby et al.l'®?, |t was found that NaAlH4 can be
formed from sodium or sodium hydride, activated aluminum powder, and a hydrogen
pressure of about 150 bar at 150 °C in the tetrahydrofuran solution. The later study by
Dymova et al.[?’4l revealed that this reaction could be carried out without solvent by
melting the reactants for 2-3 h at 270 °C under 175 bar of hydrogen pressure.

The first equilibrium-pressure studies of sodium alanate were reported in 1975
by Dymova et al.?5l. Two plateaus at hydrogen pressures of 154 and 21 bar were
observed at 210 °C corresponding to the first (4.9) and second (4.10) reactions. Due
to the high kinetic barriers of the hydrogenation/dehydrogenation reactions, the
potential of sodium alanate as a practical onboard hydrogen storage material was
obscured for many years until the discovery in 1997 by Bogdanovi¢ and
Schwickardil, that the addition of small amounts of Ti-based catalysts significantly
enhances the kinetics of these reactions. In addition, the conditions required for

rehydrogenation were reduced to 170 °C at 152 bar of hydrogen pressure.
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Structural properties

Sodium aluminum hydride (or hexahydride) is composed of a “complex anion”
[AIH4]- (or [AlHe]*) and the Na* cation. The bond between the hydrogen atoms and
aluminum can be regarded as covalent with a strong ionic character, the bond to the
sodium is ionic?’8l. Sodium alanate crystallizes in a body-centered tetragonal structure
having the /41/a space group?’’l. The aluminum atom is surrounded by four hydrogen

atoms in NaAlH4 and six in a-NasAlHs, forming the [AlH4] tetrahedral and [AlHe]*

octahedral complexes (Fig. 4.1).

Figure 4.1 The crystal structures of NaAlH4 and a-NaszAlHe: grey balls — sodium
cations; blue polyhedral — aluminum hydride anions!278l,

The structure of NasAlHs was determined for the low-temperature phase a-
NasAlHe to be monoclinic with the P21/n space group symmetry[?79l. At about 252 °C

the monoclinic a-NasAlHe phase transforms to a cubic B-NasAlHs phasel?89.

Thermodynamic parameters

In the literature, a large amount of information on thermodynamic properties of
NaAlH4, NasAlHe, and NaH is available from the experimental studies(58-281-285 gnd also
from the theoretical calculations[?86-2%01 Usually, calorimetric methods, pressure-
composition-isotherm (PCIl) measurements, or thermodynamic modeling (CALPHAD
method, DFT calculation) have been used to obtain the thermodynamic information
about the sodium alanate system. The relevant literature data about the formation and
decomposition enthalpy of sodium alanate is summarized in Figure 4.2.
Thermodynamic data from various research groups show a scattering depending on
the applied method. Several groups performed detailed measurements of
dehydrogenation enthalpies of NaAlH4. The combination of the heat of fusion (23.2

kd/mol) and heat of phase transition (1.8 kJ/mol), determined by calorimetric
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studies!?®3, with the dehydrogenation enthalpy of liquid NaAlH4 to NasAlHe, determined
from the PCI measurements!?’9l, gives the dehydrogenation enthalpy (from NaAlH4 to
NasAlHs) of 36.7 kdJ/mol. This value is in good agreement with the data obtained by
Bogdanovi¢ et al.58 from PCl measurements (37 kJ/mol). The pressure-equilibrium
measurements give the average enthalpy value between the desorption and

absorption step, thus the deviation of the data is not surprising.

Na+Al+2H, Na+1/2H,
e ] e ]

AHP kJ/mol AHP(NaH),kJ/mol

_112 [290] _56.4 [282,289]

113 1282 -56.9 [261]

-116.3 1289 -56.98 [290]

117 1283

-7 B8 || NaH+AI2H,

AHdes,kJ/mol

1/3 B-NazAlIHs | 13.8 28]
2380 H: AHdes,kJ/mol
1/3 a-NaszAlHg AHstruc,kJ/mol 53 [58]
+2/3AI+H; 1.8 [283] 56.5 [282.287]

AHdes,kJ/mol AHdes,kJ/mol
12.81275] 37 58
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Figure 4.2 Schematic enthalpy diagram of the phases and intermediate products
of 1 mol NaAlH..

The equilibrium relationship in the metal-hydrogen system by means of pressure-
composition isotherm schematically presented in Figure 4.3 (left). A PCI diagram
indicates the maximum attainable storage capacity and thermodynamic conditions for
the reversible reaction. When hydrogen gas is introduced into the system, it dissolves
in the lattice of the metal and forms a solid solution, which takes place in the region
ABIEl. The concentration of hydrogen in the metal increases with increasing of the
hydrogen pressure in the system, thus the interactions between hydrogen atoms
become locally important, and the nucleation and growth of the hydride phase are
started. For the given temperature, the hydrogen equilibrium pressure is constant in
the two-phase region (a solid solution phase and hydride phase), shown as plateau
section BC. When the solid solution phase has been converted to the hydride phase,
the equilibrium pressure changes with the amount of solute hydrogen in the hydride
phase (region CD). Typically, metal hydrides exist in two or more solid phases, thus
the conversions between them may exhibit hysteresis. The hydride metallic phase is
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assumed to be both disordered and strained, giving rise to a greater plateau pressure

for hydride formation than for the hydride decomposition: pdes < pabs.

In(P,.)

eq

P _, bar

hysteresis
= —.——————

desorption

Capacity, wt.-% abs. H, 1T, K

Figure 4.3 Schematic diagram of pressure-composition isotherm (left) and the
Van't Hoff plot (right). Adapted froml6.29]

At a given temperature, the plateau pressure represents one point on a Van't Hoff
plot, usually plotted as the logarithm of pressure versus reciprocal temperature, shown

in Fig 4.3 (right). Under the reference state, the Gibbs free energy is:

AG°=AH°—- TAS® (4.12)
with AG° =-RT In Keq (4.13)
For the hydrogenation reaction:

Keq = P°/Peq (4.14)
Then the Van’t Hoff equation takes the form:

In pee/p® = AHY RT — ASYR (4.15)

Based on this equation, the reaction entropy can be obtained from the y-intercept
of the linear fit in the Van’t Hoff plot, and the reaction enthalpy from the slope (Fig. 4.3,
right). Generally, the entropy change corresponds to the change from molecular
hydrogen gas to dissolved hydrogen and has to be roughly -130 J/(K-mol H2)i2%21.

The temperature at which the hydrogen dissociation pressure of a metal hydride
reaches 1 bar, is used for the classification of the reversible metal hydrides as low
temperature (LT - below 50 °C), medium temperature (MT - between 50 and 200 °C),
and high-temperature metal hydrides (HT - above 200 °C). There are only a few metal
hydrides that show equilibrium pressure about 1 bar at above room temperature

(Fig. 4.4), which can be suitable for hydrogen storage in fuel cell applications.

107



4 SOLID-STATE HYDROGEN STORAGE
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Figure 4.4 Comparison of the Van't Hoff plot for the various metal hydrides!°®!.

The first decomposition step for NaAlH4 has an equilibrium pressure of 1 bar at
around 30 °C, thus belongs to low-temperature complex metal hydrides. The
equilibrium pressure of 1 bar for the second decomposition step (NasAlHs) appears
about 100 °C, and it is thus one of few known medium temperature complex metal
hydrides!3¢.

Kinetics

For the hydrogen storage system, a fast reaction rate at near-ambient
temperatures and pressures is an important property and corresponds to fast
recharging. The kinetics is usually represented by the activation energy (Ea) of the
reaction. The activation energy of sorption reactions can be determined by the
Arrhenius equation (4.16) and Kissinger equation (4,17) as follows:

K = A exp(-Es/RT) (4.16)
In(B/Tp?) = In(AR/E3) — Eo/(RTp) (4.17)
where K - rate constant, A - frequency factor, B8 - heating rate, and T, - peak

temperature.

Generally, the reaction kinetics of complex metal hydrides depends on the
occurrence of phase transition, the surface area of the material, the dimensions and
homogeneity of the microstructure, type of the additives, etc.*®l. In the reaction

between sodium alanate and hydrogen, the grain boundaries, crystal defects, or
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impurities may play the role of the nuclei where the reaction usually starts. The hydride

formation process is composed of several intermediate partial processes[6:293.294I;

Physisorption of hydrogen on the surface of the material.
Chemisorption of the hydrogen molecule.
Dissociation of the hydrogen molecule into atoms.

Diffusion of hydrogen atoms through the surface/formed hydride layer.

a w0 nh =

Chemical reaction on the metal/hydride interface.

The desorption reaction follows the same steps but in a reverse direction: de-
bonding from metal atoms, diffusion to the surface, the formation of the molecular

hydrogen, and dissociation from the surface of the material (Fig. 4.5).

[ sH " % 'Y s H, ke * & o
-
3. ,.“ ) J‘% J.u g ".& W.‘L j J‘h r.t I’.t
- ™ - w» e - w L - L4
~ & % % % % % ~ % %
H, uptake H, release

Figure 4.5 The illustration of the hydrogen absorption/desorption process in the
metal particle. Adapted from!"9.

The hydrogen absorption kinetics depends on the activation barrier involved with
the chemisorption of hydrogen atoms on the metal surface, diffusion of hydrogen
atoms, and nucleation of the hydride phase. During the hydrogenation step, the
nucleation of the hydride phase may control the reaction rate in the early stages, and
the hydrogen diffusion through the product layer may control the rate in the latter
stages/?%l.

Pure sodium alanate has very slow hydrogen desorption rates and re-
hydrogenation is only possible under harsh conditions. The method of preparation and
activation procedure can significantly influence the reaction kinetics. In principle, the

doped sodium alanate material can be prepared, by applying following methods:

1. Doping of pre-synthesized NaAlH4 by reaction (ball milling or wet chemical
reaction) with catalytic amounts of additivel®82%I,

2.  Direct synthesis — the reaction (ball milling or wet chemical synthesis) of NaH (or
Na) and Al in the presence of doping agents, and subsequent hydrogenation of
doped mixtures under pressurel297.2%],

3. One-step direct synthesis - ball milling of NaH, Al powder, and doping agent
mixtures under hydrogen pressurel’82%I,

4. Hydrogenation of aluminum-dopant alloys together with NaH (or Na)300.301],
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Significant progress has been made in enhancing the hydrogen sorption kinetics
by preparing the samples via ball milling®®2l. Fine microstructures, created by this
method, provide fast diffusion pathways and a high number of nucleation sites for the
phase transformation in the solid-state reaction®%l. It is also possible to achieve a more
close mixing of the additive and NaAlH4 with high homogeneity, but the chemical
reactions involved are not necessarily the same as in solution!®3.304],

By reducing the particle size, the thermodynamic material properties may be
changed to a point where the surface free energy can govern the reaction®%%. Thus,
nanoconfinement of NaAlHs-based system can display improved (de)hydrogenation
kinetics, can enable reversibility under milder conditions and may lead to an
improvement of the thermodynamic properties, compared to bulk NaAlH4, by to the
introduction of a substantial level of relatively stable structural defects or phase
change.

However, nanosizing is not easy to apply on an industrial level. Another important
issue is that the material agglomerates during hydrogen sorption cycling, and loses the
benefits of nanosizing. Thus, the approach of using a catalyst to enhance the sorption

rate is preferable over nanoscaling.
4.1.3 Catalytic enhancement of reversible hydrogenation in sodium alanate

The discovery of Bogdanovic et al.l’®, that the addition of small amounts of Ti-
based compounds considerably improve the hydrogen sorption properties of sodium
alanate-based systems, urges a widespread search for more efficient dopants. A
screening of a large number of transition and non-transition metals that are commonly
effective in catalyzing a wide range of chemical processes has been tested as an
alternative to titanium. The same research group performed a comprehensive analysis
of the different doping materials and showed the rehydrogenation ability of doped
NaAlH4 at a temperature as low as 120 °C at 130-150 bar of H2[?371. Surprisingly, the
traditional hydrogenation catalysts (Pt, Pd, Ir, Rh, and others) were found to be not
nearly as effective for reversible hydrogenation of NaAlH4 as Til83.278],

So far, most research has been focused on Ti-additives (Ti powder, TiClz, TiH2,
TiO2, TiBz, TiCls, TiF3, TiCls, TiBrs, Ti(OBu)4)39%6-399 and Zr-containing compounds
(ZrCla, Zr(OPr)4)306.310.3111 or on combination of these dopants[?30.310.312313] fgor
enhancing hydrogen sorption/desorption behavior of sodium alanate. Zidan et al.3%
found that Ti is a catalyst superior for catalyzing the first dehydrogenation reaction

(NaAlH4 — NasAlHs) compared to Zr which is catalyzing the second dehydrogenation
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step (NasAlHs — NaH) more efficiently. Thus, the combination of both titanium and
zirconium additives optimizes the dehydrogenation behavior of NaAlH4 and leads to a
reversible hydrogen uptake of about 4 wt.-% at temperatures below 100 °C. Anton(®]
has performed a comprehensive study on different transition metal additives and
showed the dependence of the dehydrogenation rates of doped NaAlHs-system on the
radius of the TM ions in the catalyst. The optimal radius of the TM ions in the catalyst
was identified between those of AP* (0.51 A) and Na* (0.97 A).

Later, Bogdanovic et al.l3' reported that the salts of the rare earth elements such
as CeCls, PrCls, or ScCls have even better catalytic activity than TiCls.
Pukazhselvan et al.3"! concluded that the Ce rich mischmetal catalyzed NaAlH4 can
store hydrogen up to 4.2 wt.-% at a temperature of 120 °C. Moreover, CeAlz2-doped
NaAlH4 exhibited rapid kinetics (recharge 4.9 wt.-% of hydrogen in 20 min), and the
materials could release about 70% of the hydrogen capacity in the first 6 minf36l,
However, it should be noted that these materials are expensive and may not be the
best option for practical applications.

In order to find a more inexpensive additive, different C-based materials were
tried as dopants for accelerating the (de)hydrogenation kinetics of sodium alanate.
Incorporating carbon!®%81.3171 - carbon aerogell®?, single-walled carbon nanotubes(®],
carbon nanofibers®'®l into NaAlHs by ball milling can improve the kinetics of
dehydrogenation and cycling of NaAlH4 even in the absence of a transition metal
catalyst. The improvements are probably related to the enhancement of the hydrogen
transport between the solid and the gas phase resulting from the increase of the
surface area of the material.

For the general overview of the influence of the different additives on the sorption
properties of sodium alanate, the hydrogen storage capacity as a function of operating
temperature is presented in Figure 4.6. Much attention has been devoted to metal
halides as a catalyst for NaAlH4. However, for the metal halides or oxides, the greatest
problem remains the formation of by-products (e.g. NaCl, NaOH), which contribute to
a dead weight and also consume the active Na element, and evolve gas impurities.
Therefore, to minimize the loss of available hydrogen capacity, pure metals, metal
hydrides, or other Me-Ti species have also been directly introduced by ball milling to
NaAlHa.
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Figure 4.6 Comparison of isothermal dehydrogenation capacities of NaAlH4
doped with the different additives (discharge time, min)[37I,

Mechanism of the hydrogen absorption/desorption

The hydrogen sorption/desorption in complex metal hydrides involves relatively
complex multi-step mechanisms. A wide variety of catalytic mechanisms has been
proposed in order to explain the dopant action in the NaAlH4 system. Frankcombel[?28]
presented a detailed review of the existing mechanisms for the catalytic activity of Ti-
doped NaAlH4. The main and the most often proposed mechanisms in the literature
are:

1. Hydrogen pump/spillover mechanism(*'2%3]. According to this mechanism, the

dopant works like an excellent bridge for breaking and forming the H-H bond with
substantially lower activation energy than at the sites of the other constituents.
However, the main difficulty with this idea is to explain why the metals with the high
dissociation activity (e.g. Pt, Pd) do not act in a similar manner as Ti-compounds.
Overall, this mechanism can explain the role of the dopant in providing the low energy
routes between molecular hydrogen and the hydride, but it is not sufficient to explain
the catalytic effect of the particular additive.

2. Mobile species?30-320-322] |n this mechanism, the proposed action of the dopant

is to promote the mobility of species in order to facilitate the phase separation of the
products. Several mobile species have been detected during alanate
(de)hydrogenation (AlHs, AlHx ions, AlxHy phases, clusters, and others) that may act
as shuttles for the transport of Al to solid NaH. Nevertheless, the transport of these

species and the role of the catalyst are not completely clear.
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3. Vacancy-mediated mechanism(®2':323-325  This mechanism suggests the

formation of the H-, Na-, AlHs-based vacancies and their dynamics via a long-range
from trapping site to trapping site. For this model, the diffusion of the mobile species
occurs due to the presence of the charged vacancies. On the other hand, the reason
why dopant favors the formation of the vacancies has not been explained.

4. Zipper modell3?l In this model, the catalytically active Ti species displace Na
ions from the bulk, moving the Na ions and other species to the surface, where they
can easily react. Thus, Ti works as a slider of a zip, destabilizing the surface, and
during decomposition, Ti returns to the surface. However, this model only specifically
explains the decomposition process, leaving out the hydrogenation step.

5. Atomistic model???. In this mechanism the Ti dopant reduces the charge

separation between the ions, to form the intermediate states M*---Ti---H-, NaH and
AlHs. The catalyst acts as a bridge to transfer NaH or Na* and H- from NaAlH4 forming
NasAlHs and finally isolated NaH, leaving AlHs behind, which spontaneously releases
hydrogen and aluminum. However, the intermediate formation of AlH3 cannot be
proven, as these species are very unstable.

In general, these models include the steps, which are necessary for the overall
transformation process. Nevertheless, only the atomistic mechanisms could explain
the catalytic effect of the dopant for both hydrogenation and dehydrogenation

reactions.

Role of the dopant

Many studies have confirmed the extraordinary effect of dopants on the
accelerating hydrogen sorption kinetics of catalyzed sodium alanate. In general,

several suggestions were made to explain the role of the dopant:

» It supports the dissociation of hydrogen and its activation for the exchange with
the So|id[293,321,327]_

> It supports the formation/splitting of intermediates (e.g. AlH3)[230.233,327]

v

It supports the diffusion of hydrogen in the corresponding phases328l,

» It supports the formation and diffusion of the highly mobile species (AlHx, NaH
molecules, or Na, Al, H ions)[230.329],

> It reduces the nucleation barrier of new phases(328:330],

» ltinterferes with the anion-cation charge transfer; reduces the charge separation

by forming the metal-hydrogen bridgel?2°-3271,
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» It may lead to the metastable state of the system by the distortion or substitution
of Al or Na in the latticel325:331.332],
» Ittakes partin the formation of catalytically active species (solid solution, clusters,

alloys, amorphous or crystalline phases) on the surface or in bulk!307.308.333]

So far, the knowledge about the effects of the dopant for reversible hydrogenation
of NaAlH4 is indirect and mostly based on the differently prepared samples starting
from freshly doped, cycled, or dehydrogenated samples. These differences in initial
materials, preparation methods, and sample manipulations make the situation
complicated and extend the information obtained from the dehydrogenation to the

hydrogenation.

Influence of the dopant content

Using a low content of Ti-based additive is highly desirable from a gravimetric
perspective, particularly for TiCls, which consumes a part of NaAlH4 to form NaCl, and
adds dead weight to the system. In general, the lower the dopant content the higher
the storage capacity of the system. However, the low content of the additive is also
one of the main reasons why it is complicated to justify its role.

The early studies of TiCls-doped NaAlHs demonstrated a strong nonlinear
dependence of hydrogenation/dehydrogenation rates as a function of the TiCls
contentl?97:334 |t was not completely clear why the sorption kinetics improves

significantly with increasing the level of the Ti-additive (Fig. 4.7, left).
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Figure 4.7 Desorption rates for NaAlH1 and NasAlHe as a function of added TiCl3
(left)[297] and the hydrogen storage capacity and sorption rates of NaAlH4 as a function
of Ti content (right)3%9],

These findings differ partly from that of Xiao et al.?%! which showed similar

results, that dehydrogenation/hydrogenation rates increase with the increase of Ti
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content (Fig. 4.7, right). The difference could arise from the various Ti additives applied
for doping: pure metallic Ti powder used by Xiao et al.[?% does not produce inactive
by-product NaCl, unlike TiCls dopant used by Gross et al.[?®7l. Furthermore, it was
suggested that Ti introduced into the composite finally reacts to the titanium hydride
and a Ti-Al phase, which are catalytically active materials for the
hydrogenation/dehydrogenation of the NaAlHs system. These transformations may
explain why the hydrogen storage characteristic is improved with the increase of the Ti
content.

XRD studies of NaAlH4 doped with titanium or zirconium revealed that significant
changes occur in the lattice parameters upon doping®32. This effect indicates that the
remarkable enhancement of dehydrogenation kinetics may be due to the dopant-
induced lattice distortions. Furthermore, Streukens et al.l?8] observed the increase of
the dissociation pressure, hysteresis, and the slope of the dissociation pressure

plateaus with increasing doping level in Ti-doped NaAlH4 (Fig. 4.8).
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Figure 4.8 PCI curves for Ti-doped NaAlHs with the different TiClz levels
measured at 160 °CI268],

These results demonstrated that the titanium doping can influence not only the
kinetics of the NaAlH4 system, as expected for a catalyst, but also can change the
thermodynamics. Based on the authors’ suggestions, after doping reaction, a new Ti-
Al-alloy is formed, which is thermodynamically more stable than the reactants, and
leads to the increase of the dissociation pressure. During cycling of doped NaAlH4, the
Ti-Al-alloy changes the state between Ti-poor and Ti-rich, and contributes to the
change of the hydrogen equilibrium pressure. However, the disappearance of the
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plateau pressure for the first hydrogenation step (NaH — NasAlHs) at high titanium
content (Fig. 4.8) had no reasonable explanation.

The observation that the AI-Ti phase formation takes place during the
decomposition of NaAlH4 and can affect the thermodynamics, provides the possibility
to adapt the hydrogen pressure, achieved at a certain temperature, to the requirements
of specific applications. This holds great potential for thermodynamic tailoring of the
complex hydride systems simultaneously with catalyzing the (de)hydrogenation

reactions.
4.1.4 The relevance of the Al-TM species in doped sodium alanate

There are many suggestions about the nature and composition of the active
component formed after the doping procedure of sodium alanate. The early reports
suggested that for having the hydrogenation reaction reversible, titanium aluminide (or
hydrides) may play a decisive rolel307:309.333,33% |n gddition, theoretical studies[331:336.337]
revealed that Ti, as an amorphous or crystalline Al-Ti intermetallic phase, can modify
the properties of Al surface and promote (de)hydrogenation reactions. These
observations were supported by the high-resolution TEM experimental studies338],
which demonstrated that the TM-Al species were located at the surface of the grains.
This hypothesis was further supported by the fact that Al-Ti-alloys, in the different
composition range (Alo.95Tio.05 to Alo.75Tio.25), can be prepared by the mechanochemical
procedure from elemental Ti and Al301.33%-341] However, there exists no known stable
phase in the Al-Ti binary phase diagram in the range between pure Al and AlaTi342:343],

Numerous X-ray diffraction studies®44-34¢1 showed a shoulder on the high angle
side of the Al reflection, which has been ascribed to the presence of crystalline AlsTi
or Al-Ti phases with the different compositions. The X-ray diffraction analysis of
10 mol% TiCls-doped NaAlH4 showed that hcp-Ti(Al) solid solution has formed after
milling, which transforms after cycling to an amorphous Al-Ti phase of unspecified
composition346l. The X-ray absorption near-edge structure analysis of Ti K-edge
spectra for cycled 2 mol% and 4 mol% TiCls doped NaAlH4 proposed that Ti is bound
in an amorphous AlsTi, which predominately occurs during the first decomposition
process, where metallic Al is more abundant®33, On the other hand, the AlsTi phase
can also be obtained by milling stoichiometric amounts of NaAlH4 and TiCls, which
reduces completely to NaCl and AlsTi3%7l, However, attempts to improve the kinetics
by directly NaAlH4 doping with AlsTi showed a drastically lower effect compared to

TiCls doping®*71. Thus, it was assumed that a long-range order of Ti-Al pairs, such as
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bulk AlsTi, may lose its catalytic activity, and actually, the catalytically active species
are Ti-Al clusters!308],

The formation of Al2Ti, AlsTi, Als2Ti1s and AlsgTi11 phases was observed after the
first hydrogenation cycle of 2 mol% TiCls doped sample, and their further conversion
into AlssTi1s and AlsTi during cycling#8l. The recent high-resolution synchrotron X-ray
diffraction and TEM compositional analysis of 10 mol% TiCls doped samples
demonstrated that the Al-Ti phases are in the composition range Alss.sTi13.5 - Alo2Tis,

and after thermal treatment, the AlssTits phase is present in the majority345:349],

The multiple numbers of AlI-Ti

phases (amorphous or crystalline), which 50001 AL T

o
are existing in doped or cycled samples 7000+ \ AL
have led to conflicting data, with wide 6000 1 ﬁ%/
interpretations regarding the Al-Ti phase Z o001 g
composition. Much of the problem with 3 S a
the identification of the correct Al-Ti phase %‘ 0001 j ;j
can be attributed to the fact that the £ 300 j %
observed phases always fall very close in 2000 _/ ; W
d-spacing to the Al reflection, yielding a 1000-_‘_,/§ kY g
broad feature around Al (111) reflection 0- st
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d-spacing (A)

Figure 4.9 The intensity of the Al-Ti phase
on the dopant content and hydrogen g 5 function of the TiCls content in doped

cycling conditions(34l, NaAlH 4 (right)34],
During recent years, numerous transition metal-aluminum species, such as Ti-Al,
Zr-Al, Hf-Al, V-Al, Fe-Al, La-Al, Ce-Al, Sc-All338.350-352] have been detected immediately

after the doping processes or subsequent cycling of NaAlH4. It has been generally

Ti-Al phases is also strongly dependent

ascertained that the transition metal will react with Al to form TM-AI species, which are
quite likely relevant for the kinetics. These TM-Al phases most probably facilitate the
dissociation and recombination of H-H bonds, which thereby reduce the working
temperature and improve the hydrogen storage performance of NaAlH4. However, the
presence of a TM-Al phase alone cannot explain the enhancement of sorption kinetics

of doped sodium alanate.

117



4 SOLID-STATE HYDROGEN STORAGE

4.1.5 Summary

In principle, complex hydrides can meet the capacity requirement for hydrogen
storage, however, the strong covalent/ionic bonds are related to unfavorable
thermodynamics and sluggish kinetics of hydrogen sorption. Several methods to
modify the properties of lightweight hydrogen storage materials were discussed. While
the thermodynamic constraints could be resolved by alloying or by making reactive
composites with other components, the kinetics could be improved by applying
nanoscaling or catalysts.

After the discovery of reversibility in Ti-doped sodium alanate, enormous efforts
have been made in order to further improve the hydrogen storage behavior of this
material. However, the incomplete understanding of the mechanism of the dopant
action hinders further improvement of the thermodynamics and kinetics of the sodium
alanate system. A wide variety of experimental techniques and theoretical calculations
has been employed to study the role of Ti in doped NaAlH4. Several mechanisms have
been proposed for Ti-catalyzed NaAlHs4 system, such as hydrogen pump/spillover
mechanism, mobile species, zipper model, atomistic model, however, the exact role of
the dopant stays elusive.

Numerous studies suggested that the high catalytic activity of TiCls is due to the
formation of the nano-crystalline Al-Ti phase obtained by the reaction between TiCls
and NaAlH4 upon milling. The differently prepared samples and different states of the
material caused confusion in distinguishing the effects of Ti species due to multi-steps
of the hydrogenation/dehydrogenation processes. During cycling the state of the
titanium can be changed between a low concentration in the aluminum phase Al Tiy
(y<0.25) to the stable AlsTi phase. This suggestion was supported by the observation
of different Al-Ti phases with the increase of the dopant content. Additionally, the
content of the additive used for the doping procedure was found to have a strong
influence not only on the kinetics but also on the thermodynamics of the sodium alanate
system. Therefore, further work is necessary for the classification and understanding
of the nature and role of Al-Ti-based species.

It is believed that the modification of the properties of the sodium alanate system
can awake commercial interest in it. When the properties of the material can be
adjusted to the need of the industry, this system could still hold promise for stationary

applications.
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4.2 Materials preparation and experimental details
4.2.1 Chemicals and purification procedure

All reactions, sample handling, transfer, and storage were performed under dry
argon atmosphere using either standard Schlenk technique or employing an MBraun
glove box (H20 and O2 < 0.1 ppm). All solvents were dried and were distilled by
refluxing over Na/Al203 (SOLVONA Bilger GmbH) and stored under argon atmosphere
in the solvent reservoirs that contained 4 A molecular sieves. The used chemicals are

listed in Table 4.2 and were also stored under inert conditions.

Table 4.2 The list of the chemicals including the purity and producer.

Compound Formula Purity Producer
Sodium aluminum technical grade, . .
hydride NaAlH4 90% Sigma Aldrich
Titanium (I11) chloride TiCls 99.999% Sigma-Aldrich
Titanium (1) hydride TiH2 98+% Sigma-Aldrich
VWR PROLABO
(o)
Tetrahydrofuran C4HsO 99.9% CHEMICALS
Pentane CsH12 99% CHEMSOLUTE

Sodium aluminum hydride was purified according to the procedure developed by
Bogdanovi¢ et al.l8l. First, sodium alanate was dissolved in THF and was then stirred
for 3 h inside the glove box. The solution was filtered, then the filtrate was concentrated
in vacuum to the volume when NaAlH4 starts to separate from the solution. Under
vigorous stirring, pentane was added to the THF solution causing the separation of
NaAlH4 as a fine precipitate. The suspension was then stirred for 1 h, and NaAlH4 was
filtered off and washed twice with pentane. After drying in vacuum, NaAlHs was

obtained as a fine white powder.

4.2.2 Activation procedure of sodium alanate via mechanochemical treatment

Sodium alanate and TM-additive at different molar ratios (Table 4.3) were filled
into a tungsten carbide ball milling jar (volume: 12 ml) in a glove box. The ball-to-
powder weight ratio was fixed at 20:1 with balls also made of tungsten carbide (balls:
2 x 8 g). The milling process was carried out on a Fritsch Pulverisette 6 planetary ball
mill with a maximum speed of 650 rpm. The mixture was milled for 3 hours according
to Streukens(®® in order to obtain comparable results. Generally, one milling cycle
included 30 minutes of milling and a 10 minutes break to avoid a destructive

temperature increase inside the milling jar.
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For the mixtures of sodium alanate with aluminum, the Al powder was first
prepared from the decomposition of AlH3s powder. Approximately three grams of
sample were prepared each time as described in section 3.2.3 (for uncatalyzed
aluminum). Afterward, the NaAlH4, TiCls, and Al powders were weighed and then mixed
in the designated molar ratio (Table 4.3). After the milling process, the product was

collected as a fine dark gray powder.

Table 4.3 The amounts of the reactants for the mechanochemical synthesis.

Sample m(NaAlHs) m(TM) m(Al) m(total) ‘tﬂ',‘te‘j/:
g g g g H,
NaAlH4 1.000 - - 1.000  5.60
NaAlHs+2mol%TiCla 0946  0.054 - 1.000 = 4.98
NaAlHs+10mol%TiCl 0778 0222 - 1.000  3.05
NaAlHs+15mol%TiCl3 0700  0.300 - 1.000 2.16

NaAlH4+15mol%TiClz+40mol %Al 0.700 0.300 0.140 1.140 1.89
NaAlH4+10mol%TiClz+27mol %Al 0.778 0.222 0.105 1.105 2.76
NaAlH4+10mol%TiClz+51mol %Al 0.778 0.222 0.198 1.198 2.54
NaAlH4+10mol%TiClz+66mol %Al 0.778 0.222 0.257 1.257 2.43

10mol%TiClz+66mol%Al - 0.222 0.257 0.479 -
NaAlH4+66mol%Al 0.778 - 0.257 1.035 4.21
NaAlH4+10mol%TiH2 0.915 0.085 - 1.000 5.13

4.2.3 Pressure-composition-isotherm measurements with a Sieverts-apparatus

The hydrogen sorption measurements were performed in a homemade Sieverts
apparatus, which works based on a volumetric method and can be operated with
pressure up to 200 bar and temperatures up to 600 °C. The milled material (~150-180
mg) was loaded in the sample cell inside a glove box. The sample cell was then
connected to the Sieverts apparatus and was outgassed under a high vacuum (~10-®
bar).

The equipment (Fig. 4.10) is fully automated and controlled by a homemade
software program. The experimental apparatus is shown schematically in Figure 4.10
(right) and consists of different volumes for the calibration with valves and pipes for
adding hydrogen and helium, venting, and evacuating. Pressure regulators were
installed to control the hydrogen pressure applied to the sample and to allow hydrogen
to flow to or from the sample. The pressure was measured with a high-precision
(2.5 %) pressure transducers (MKS Instruments). The sample holder consists

additionally of the manual valve, which can be opened when the whole equipment was
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previously evacuated. The evacuation of the equipment was conducted by opening the
appropriate valves to the turbo vacuum pump (V1-V3-V6-V9-V10) or to the helium gas
(V1-V3-V6-V7). The amount of hydrogen added to the sample by opening the valves
(V1-V3-V6-V8-V11) can be controlled by the pressure regulator.
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Figure 4.10 The schematic depiction (left) and the view (right) of the Sieverts
apparatus (Vq— dosage volume, Ve — effective volume, P1-P4 — pressure transducers,
T1-T4 — thermoelements, V1-V11 — valves).

For each new sample, the tightness of the equipment was tested at a pressure of
180 bar and room temperature. Next, the measurement with the helium was performed,
to determine the effective volume (Ve), assuming negligibly small adsorption of helium
on solid surfaces at room temperature. Afterward, the sample cell was heated with the
oven controlled by PID-regulator (#0.2 °C) until the measuring temperature.
Additionally, the external temperature on the wall of the sample holder was measured
by a thermocouple (T1). Then, the material was hydrogenated under an initial hydrogen
pressure of 180 bar for 4 h and dehydrogenated for 2 h (at ~10 bar). The sample was
subjected to at least three such absorption/desorption cycles before analysis to
achieve reasonably stable performance. The recording of the PCI curve was started
from the desorbed sample heated to the measuring temperature. The hydrogenation
capacity was calculated by the decrease in pressure caused by the hydrogen uptake
by the sample. The volume (Vd4) was measured before injection of the hydrogen gas to
the sample (valve V1 is closed). After opening the valve V1 the hydrogen gas was

injected to the sample and the equilibrium pressure (peq) Was measured after reaching
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the equilibration time fixed by the measuring program. This procedure was repeated
with the various steps (that the region with absorption can be measured more precisely
and the no-absorption region can be faster overtaken) until the chosen maximum
pressure was reached. The desorption curve was measured in the same way by
stepwise reducing the pressure. The absorbed amount of hydrogen was calculated
based on the recorded equilibrium pressure from the following equation (4.18) in
connection with the ideal gas law:

Ngps = Np — Mg (4.18)

n _ Db1Va _ Peq(Va—Ve)
abs RT RT

(4.19)

The necessary corrections were done in regard to the non-ideal gas behavior of
hydrogen(3®4. No doubt a variety of factors may contribute to errors (faulty valve
closures, external or internal leaks, room temperature variation, barometric pressure
variation, insufficient equilibration time), but the dominant error will most likely be due

to the temperature variations of the sample[3%],

4.2.4 High-pressure differential scanning calorimetry investigation of sodium
alanate samples

High-pressure DSC measurements were carried out in a Sensys Evo
(SETARAM, France) with a Calvet type DSC. The calorimeter was coupled with the
high-pressure gas panel PVHP-50-100-V2 (SETARAM, France) with 1000 bar
maximum operating pressure (Fig. 4.11). The hydrogen pressure can be adjusted by
the pressure controller inside the gas panel and keep stable (0.1 bar) during the
isobaric measurements. The gas panel is equipped with a vacuum pump for the

evacuation of the pipes.
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Figure 4.11 The scheme of the experimental setup for the high-pressure DSC
measurements.

The calorimeter was equipped with a high-pressure cell (Fig. 4.12), which
consists of the crucible, connecting part, safety disk, and connections to the pressure
display and high-pressure gas panel. The sample cell can operate with a maximum
temperature of 600 °C and pressure up to 400 bar.

For the measurements, the sample cell was filled with 30-40 mg of the sample.
The packing and tightening of the sample holder were carried out inside the glove box
for protecting the sample from oxidation. Additionally, the sample cell was tightened
outside of the glove box. After the sample cell was connected to the calorimeter, the
equipment was evacuated three times. Then the sample cell was opened and
hydrogen gas was pressurized/depressurized with exchanging the gas each time to
remove residual argon. Afterward, the hydrogen pressure was adjusted to the desired
level by the high-pressure gas panel.
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Figure 4.12 High-pressure DSC cell with the crucible (left) and in a separated
form (right).

The measuring procedure was controlled by thermal analysis software (Calisto,
SETARAM). The measurement was started only after the heat flow signal reached an
appropriate stable level. In each case, the system was heated up to the measuring
temperature and cooled down to room temperature with the constant heating/cooling
rate. During the operation, the absorption and desorption characteristics of the sample

were investigated. The thermal events were evaluated with the help of the software.
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4.3 Results and discussion

One of the main goals of this work was associated with the development of the
hydrogen storage material, which can be compatible with the hybrid tank system that
combines a high-pressure tank with unstable metal hydrides. Thus, the following
section describes the attempts to tailor the hydrogen sorption properties of sodium
alanate-based system, in order to develop the material with favorable thermodynamics,
kinetics, and the highest possible hydrogen storage capacity.

The first part of this chapter focuses on the hydrogen sorption behavior of doped
sodium alanate. The factors that influence the hydrogen charging and discharging
behavior of doped sodium alanate will be discussed. Additionally, the influence of the
additive content on the thermodynamics and kinetics of sodium alanate will be
investigated. Furthermore, the effect of the addition of aluminum on the sorption
properties of sodium alanate doped with TiClz will be studied in detail. This section
concludes with the evaluation of the role of additional aluminum on the hydrogen

sorption behavior of sodium alanate.

4.3.1 Tailoring the properties of sodium alanate-based system with the help of
Ti-additive

The thermodynamic tuning of the reaction enthalpies by mixing of “stable” and
“‘unstable” complex metal hydrides is the perspective approach for developing the
composite suitable for a high-pressure hybrid tank. Therefore, in this work, the
combination of “stable” sodium alanate with “unstable” titanium alanate was
suggested. The high catalytic activity of Ti-based additives for achieving reversibility of
sodium alanate hydrogenation/dehydrogenation, in addition to the high theoretic
hydrogen storage capacity of titanium alanate (9.3 wt.-%), make Ti a very promising
candidate to tailor the properties of Na-Al-H systems. In order to achieve the desired
system, it is reasonable to alloy NaAlH4 with elements that destabilize the hydride. This
may be achieved by the addition of a high amount of dopant. The obtained composite
should ideally show higher plateau pressure compared to NaAlH4 doped with the small
catalyst amount, and, thus, lower thermodynamic stability.

The first option for the tailoring of NaAlH4 properties was connected to the
application of TiH2 as a destabilizing agent, and the development of a hydride
composite, where an Al-Ti phase can be formed and potentially be hydrogenated. The

following reaction path was expected:
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NaAIH4 + xTiH2_> X/}/A|(1_y)
+xH
<& XTi(AH,), + (1-4x)NaAlH, + 4xNaH

2

Ti, + (1-m)NaAlH, + mNaH + (x+3/2m)H, ===

Scheme 4.1 The proposed pathway for the hydride composite formation based
on TiH2 and NaAlH4, where m = (1-y)x/y.

Titanium hydride has the advantage compared to other Ti-additives (e.g. halides,
oxides), that it does not form by-products (e.g. NaCl, NaOH), which lowers the total
hydrogen storage capacity. However, based on the obtained results (Appendix C, Fig.
C.1), it was concluded that, first, TiH2 has quite low catalytic activity for the reversible
hydrogenation of sodium alanate (even at high dopant level); second, no increased (or
additional) hydrogen dissociation plateau was observed, indicating that TiH2 does not
influence the thermodynamics of sodium alanate (in the temperature range of 170-
200 °C and hydrogen pressure up to 180 bar). The previous investigation of Ti-doped
NaAlH4 showed that TiClz does increase the hydrogen dissociation pressurel®33l. Thus,
it was of interest to investigate the influence of TiCls on the thermodynamic properties
of NaAlH4 in detail.

First, the hydrogen sorption/desorption properties of TiCls-doped NaAlH4 were
investigated in order to gain a better understanding of the cycling behavior of a simple
model system where sodium alanate is doped with only small amounts of the catalyst.
Next, with the focus to develop the practical composite material, the additive content
was increased. It is expected that the additive added in stoichiometric amount will play
a double role: on one side it will act catalytically, and by using large quantities it will be
able to change the thermodynamics, so it will influence both kinetics and
thermodynamics of the sodium alanate system.

In Figure 4.13, a typical pressure composition isotherm (PCI) for the Ti-doped
sodium alanate system displaying common features of hysteresis in respect to the
plateau pressures for hydrogen absorption/desorption measurement is shown. The
PCI diagram exhibits two distinctive plateaus, in accordance with the two-step

decomposition/hydrogenation of the system, following the cycle:

1% dehydrogenation step 2" dehydrogenation step
NaAlH, === 1/3Na,AlH, + 2/3Al + H, === NaH + Al + 3/2H,
2" hydrogenation step 15! hydrogenation step

Scheme 4.2 Two-step reversible hydrogenation cycle of NaAlH4.
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The lower plateau corresponds to the first hydrogenation step (Fig. 4.13), the
higher one - to the second hydrogenation step, and in reverse: higher pressure plateau
- first dehydrogenation step, and lower plateau - second dehydrogenation step.
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Figure 4.13 Pressure composition isotherm for 2 mol% TiCl3-doped NaAlH4
measured at 160 °C.

The PCIl measurements were conducted at 160 °C. This temperature was chosen
as a compromise between high sorption rates, low operating temperature, and
sufficient distance from the melting point of NaAlH4. Melting can negatively affect the
surface area of the particle as well as the catalyst activity, which leads to a decrease
in the fraction of material that finally reacts. Thus, the measured hydrogen capacity of
the material can decrease as well. The measurement was repeated several times to
ensure the reproducibility of the recorded PCI curves. At this temperature, the
difference between hydrogenation and dehydrogenation pressures was significant.
The slow kinetics of hydrogenation/dehydrogenation reactions resulted in a long
equilibration time and strong hysteresis. The hydrogen absorption was still observed
when more time (5 h for each measuring point) was given to the system to equilibrate
(Appendix C, Fig. C.2), therefore it was concluded that the equilibrium state was not
reached. This could explain the obtained low measured hydrogen storage capacity
(4.0 wt.-%) compared to the theoretical value (4.98 wt.-%). However, the time of 5
hours (for each measuring point) was chosen as a compromise between the long
duration of the cycle (up to two weeks) and the equilibrium state of the system.

In order to follow the goal of this study, namely, to achieve the higher dissociation

pressure plateau, the TiCls content in NaAlH4 was increased to 10 mol% and 15 mol%.
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It can be seen (Figure 4.14) that increase of the dopant concentration results in

significant changes.
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Figure 4.14 Pressure composition isotherms for 10 mol% and 15 mol% TiCl3-
doped NaAlH+ measured at 160 °C.

The individual PCI curves of freshly prepared Ti-doped NaAlH4 samples have a
number of distinctive features. First, the PCI curve for 10 mol% TiCls-doped NaAlH4
has two pressure plateaus, in contrast, the one for 15 mol% TiClz has only one. The
first plateau at the lower pressure corresponds to the first hydrogenation step (NaH —
NasAlHs), thus only 0.5 molecules of H2 should be absorbed per mole of NaAlH4; the
higher plateau corresponds to the second hydrogenation stage (NasAlHs — NaAlH4)
and one Hz2 molecule should be absorbed. Therefore, the ratios of the capacities of the
two plateaus correspond to the stoichiometry of the reaction. However, for 10 mol%
TiCls doped NaAlH4, the second plateau at the higher pressure is significantly shorter
compared to the first one, indicating incomplete hydrogenation of NasAlHs. The
hydrogen storage capacity of the 10 mol% doped NaAlH4 sample reached 1.57 wt.-%,
whereas with 15 mol% only 0.93 wt.-% was obtained. These values are about half of
the theoretical values (3.05 and 2.15 wt.-% for 10 and 15 mol% of TiCls, respectively).
The expected relationship between doping concentration and stored hydrogen is only
clear for the first hydrogenation step. Different batches of TiCls-doped NaAlH4 showed
good reproducibility; thus, preclude the probability of an error occurring during sample
preparation.
Furthermore, to evaluate the error resulting from the measuring process using

Sieverts apparatus, a measurement with Pd powder as a reference sample was carried
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out. The obtained value of stored hydrogen was in good agreement with the theoretical
value (Appendix C, Fig. C.3). The possible error could also appear from the volume
change during hydrogenation or dehydrogenation (theor. volume change 36.1%
(Appendix C, Table C.2) based on the volume of NaAlH4), however, in practice, only
small volume change (<1%) was detected during the measurement.

In order to understand these results, the reaction of TiCls with NaAlH4 was studied
in detail. It is obvious, if the Ti-halide doping level increases the total reversible
hydrogen capacity decreases:

NaAlH, + xTiCl, —2M= (1-3x)NaAlH, + 3xNaCl + xTi + 3xAl + 6xH, (4.20)

In the stoichiometric reaction between sodium alanate and titanium chloride,
titanium probably is reduced to the zerovalent statel*34. In addition, the by-product
NaCl is formed, which becomes a thermodynamic sink because of its stability.
Theoretically, the TiCls amount of ~33.3 mol% will completely convert NaAlHs into
NaCl. In practice, the hydrogen storage capacity value differs significantly from the
theoretically calculated one (Fig. 4.15).

° Theoretical
= This work
5% Gross et al. [2001]
) = Sandrock et al. [2002]

= Streukens et al. [2006]

H, capacity / wt.-%
N w

—
1
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0 5 10 15 20 25 30 35
TiCl; content in NaAlH, / mol%

Figure 4.15 Comparison of theoretically calculated hydrogen storage capacities
of NaAlH4 doped with the different TiCls content with experimentally reached values in
the literaturel268.334.356] and in this work.

Many studies (Fig. 4.15) showed significant differences (in the range of 10 —
60 %) between theoretical and practical storage capacities of TiCls-doped NaAlHa4. In
contrast, Streukens et al.?8l showed, for 10 mol% TiCls doped sodium alanate, the
difference of 1.6 % between theoretical and practical value, this is quite unusual

compared to the results obtained by the other groups. The reason for this discrepancy,
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which becomes more pronounced at higher dopant contents, is not completely clear.
However, one should keep in mind that the modification of material properties during
ball-milling is highly dependent on various parameters, such as sample size, ball size,
filling degree of the milling vessels, etc., which are not easily transferable between mills
of the different types and could cause the difference in the properties of the prepared
material. Partial oxidation during ball milling could also have occurred due to the long
milling period of this air- and moisture-sensitive material. However, the trend of low
experimentally obtained values of the hydrogen storage capacity compared to the
theoretical value can be seen in all cases.

From the aspect of thermodynamic equilibrium, the formation of intermetallic AlsTi

is most likely, and then reaction (4.20) will be transformed into:
NaAlH, + xTiCl, —2= (1-3x)NaAlH, + 3xNaCl + xAlTi + 6xH, (4.21)

The often-described AlsTi phase is the most stable phase, which could appear
after a long equilibration timel%71. This intermetallic compound is inert under the
present hydrogenation/dehydrogenation conditions®®”1 and cannot explain the
decrease of hydrogen storage capacity. Therefore, it was suggested that during the
cycling of the material, the system is in a non-equilibrium state and as a result, the
metastable Al-Ti phases with different compositions may be formed (Section 4.1.4).

Figure 4.16 shows the XRPD patterns for ball milled sodium alanate samples
doped with 2, 10, or 15 mol% TiCls. Although the broad peaks were found at the

expected for NaCl and Al positions, they nevertheless indicate their formation.

Cu-Ka A=1.5406A °Al
* NaCl
i o 15 mol% Ticl,| ' NaAlH,

5 L i ° (ICSD_644903)
«
> R 10 mol% TiCl,
A 2% 0
[
3
£ 2 mol% TiCl,

J pure NaAlH,

T T ‘ T T T T T T T T T T T T T T T
25 30 35 40 45 50 55 60 65 70

20/°

Figure 4.16 XRPD patterns for milled sodium alanate samples with different TiCl3
content.
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No crystalline or other Ti-containing phases were observed after ball milling of
NaAlHs with a high amount of additive. However, after cycling, a high-angle shoulder
on the three strongest Al reflections was observed (Fig. 4.17). These shoulders may
indicate that a relatively small fraction of Al, presumably on the surfaces, formed an Al-
Ti phase during cycling. The stable AlsTi phase appeared only after thermal treatment
of the sample (Fig. 4.17). However, the intensity of the broad signal at about 46° 26 is
most probably the superposition of the reflection from Al, NaCl, and AlsTi, thus the AlsTi
phase can be only well distinguished at 39° 26 and 42 °26. These results correlate well
with the previous X-ray diffraction studies®*>3% which confirmed that Al-Ti phases first
appear after cycling or thermal treatment of the material. Furthermore, the heat
treatment in the cycling process results in a considerable increase of the NaCl

crystallite size.
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Figure 4.17 XRPD patterns for 10 mol% TiCls-doped NaAlH4 sample after ball
milling (top), after cycling in dehydrogenated state (middle), and after thermal
treatment at 400 °C for 2 h (bottom).

In the cycled material, the Ti-containing phase caused the shoulder near Al

reflection, and therefore, it may contain less Ti than in the pure AlsTi phase. Thus, it
was suggested that aluminum is too strongly bound in this phase to react with NasAlHs
and to form NaAlH4. Depending on the phase which can be formed, the reaction

equation can be generally described as follows3%!:

NaAlH, + XTiCl, —= (1-kx)NaAlH, + xyAl,, i, + IxNaAlH, + 3xNaCl + (2k-3))xH,
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Scheme 4.3 Formation of Ali1.)Tiy phase (y<0.25) in TiCl3 doped NaAlH4, where
k = (3-6y)/2y, | = (1-4y)/2y.

This equation is based on a complete consumption of Ti in order to form a
homogeneous Al1-y)Tiy phase. The formation of this phase could be a simplification of
the real situation, because in practice the range of compositions or solid solution may
be formed. However, the formation of this phase may explain the reduction of capacity
beyond the theoretical reduction from the dead weight of the additive and the formed
by-product.

Many studies confirmed that the Al(1-y)Tiy phase formed during cycling of NaAlH4
doped with higher TiCls content has a composition of Alo.ssTio.151304.344.343] Therefore, in
order to understand the effect of TiClz addition, the formation of an Al¢1-y)Tiy phase with
fixed stoichiometry (y = 0.15) was assumed. Figure 4.18 illustrates the consumption of
NaAlH4 due to the formation of an Alo.ssTio.15 phase compared to the formation of the
stable AlsTi phase.

1.0

Aly75Tg 25
Alg g5Tig 15
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n (TiCl;) / mol

Figure 4.18 The influence of the dopant content on the consumption of the
NaAlH+ depending on the Al-Ti phase composition.

This example already can explain why the reversible hydrogen capacity
drastically decreases with increasing a dopant content, and why a dopant
concentration lower than ~33.3 mol% is needed for the complete consumption of
NaAlHa4. It has been calculated, that for the hypothetical Alo.s5Tio.15 phase, at the critical
amount of ~14.28 mol (TiCls) the second hydrogenation step (NasAlHs — NaAlH4) will

be completely suppressed. In the case when the dopant content will be further
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increased, the formed NasAlHs will continue to react with the dopant until the remaining

NasAlHs will be fully converted into NaH:

IxXNa,AlH, + dTiCl, — (Ix-ad)Na,AlH + d/yAI(1_y)Tiy + bdNaH + 3dNaCl + (a-b)H,

Scheme 4.4 Consumption of NasAlHs by TiCls addition (in a case of Alx-yTiy
(v<0.25) phase formation), where d = x-(1/k), a = (1-y)/y, b = (3-6y)/y.

The calculated critical amount for the suppression of both steps is ~18.68 mol%
of TiCls. This example is the single case for the assumed Alo.ssTio.15 phase, in cases
when more Al-rich phases (lower y) are formed, then less NaAlH4 will be regenerated.
The generalization of this idea is illustrated in Figure 4.19, which presents how the

critical amount of TiClz dopant depends on the Ti content in Al-Ti phase.
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Figure 4.19 The critical amount of the TiCl3 additive needed for the complete
consumption of NaAlH4 and NasAlHs as the function of the Al1.) Tiy phase composition.

Thus, it is possible to estimate the critical amount of Ti-additive required for the
suppression of the first and second hydrogenation step depending on the formed Al-
Ti-phase, and in reverse to estimate the composition of the formed AI-Ti phase
depending on the critical TiCls concentration. However, one should keep in mind that
the reduced capacity due to other reasons, then Al\1-y)Tiy formation, will lead to an

underestimation of Ti content in Al-Ti phase.
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4.3.2 Influence of the aluminum addition on the sorption behavior of Ti-doped
sodium alanate

The formation of metastable Al-Ti phases is consistent with many observations.
XRPD analyzes reveal crystalline Al and the intermetallic AlsTi phase only if the sample
was subjected to a high-temperature treatment (above 400 °C). The AI-Ti alloy
formation is a positive aspect for the development of systems with high dissociation
pressure if some of these alloys are able to absorb hydrogen at acceptable
conditions®Y, In the case of y < 0.25 for Al(1-y)Tiy some more aluminum is consumed
for the formation of the Al-rich-Ti phase. Consequently, in the reverse reaction,
NasAlHs will have an insufficient amount of available Al to form NaAlH4, resulting in a
decrease of reversible hydrogen storage capacity. This situation can be improved by

the simple addition of Al powder to the reaction mixture during ball milling:

NaAlH, + XTiCl, + 2IxAl —= (1-3x)NaAlH, + x/yAl,, i + 3xNaCl + 2kxH,

Scheme 4.5 The reaction pathway for the prevention of Al deficiency in TiClz
doped NaAlHa,.

Brinks et al.3% investigated the influence of the Al addition to 2 and 4 mol% TiCls
doped sodium alanate samples and suggested that 5.3 and 10.7 mol% of additional
Al, respectively, are necessary to prevent Al deficiency for the reaction with NasAlHs
to NaAlH4 (for the assumed Alo.s5Tio.15 phase).

In the present work, in order to find the optimal amount of Al for 10 mol% Ti-doped
NaAlHs4 sample, a set of experiments with the different amounts of Al was performed.
Assuming the formation of the Alo.ssTio.15 phase, the minimum added amount of Al was
calculated to be 27 mol%. Normalized with respect to weight, additional aluminum will
results in a lower overall storage capacity, if there will be no positive influence of it
(Appendix C, Fig. C.4). In addition, supposing the formation of the more Al-rich Ti-
phases (e.g. Alo.saTio.11 and Alo.gTio.1134%1), the addition of higher Al amounts (51 mol%
and 66 mol%) was also investigated.

The generalization of this idea was illustrated in Figure 4.20 for the whole range
(y < 0.25) of the possibly formed Al1Tiy phases. The theoretical hydrogen storage
capacities for NaAlH4 with 2, 10, and 15 mol% TiCls as a function of Ti content in
Al@-y)Tiy phase were calculated. Based on the stored amount of hydrogen, it can be
estimated which phase was formed, and thus it can be calculated which minimum
amount of Al should be added to complete the hydrogenation of NasAlHs to NaAlH4
(Fig.4.20, right).
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The higher the dopant content, the more Ti will be available to form an Al-Ti
phase. At the stage where no reversible hydrogen will be observed (0 wt.-% Hz; Fig.
4.20, left), all Al will be consumed for the formation of Al-Ti phase. In this case, the
assumed AIl-Ti phase will have the minimum possible Ti content. Therefore, it is
possible to calculate the maximum amount of Al needed to compensate the deficiency
of free Al in the system (Fig. 4.20, right), based on Scheme 4.5, which depends on the

minimum possible Ti content in the assumed Al-Ti phase.
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Figure 4.20 The influence of the Ti content in Al-Ti phase on the theoretical
storage capacity (left) and the required amount of extra aluminum (right) for TiCl3
doped NaAlHa.

The PCI measurements of 10 mol% doped samples with extra aluminum
confirmed the positive effect of Al addition (Fig. 4.21). The reversible hydrogen storage
capacity was increased significantly compared to the sample without additional
aluminum. The small decrease of the storage capacity for the first hydrogenation step
was due to the increased mass of the sample when Al was added.

Moreover, the Al addition influences only the second hydrogenation step
indicating that hydrogenation of NasAlHes due to the lack of Al was not completed. The
absorption isotherms illustrate, that by the addition of 27 mol% of Al to 10 mol% TiCls
doped NaAlH4 the reversible storage capacity increases to 2.14 wt.-% (by 0.57 wt.-%,
compared to the sample with just 10 mol% TiCls). About 2.34 wt.-% of hydrogen can
be absorbed by the sample with 51 mol% of Al in 10 mol% TiCls-doped NaAlH4. With
the addition of 66 mol% of Al, the storage capacity did not improve further and reached
only 2.21 wt.-% (Appendix C, Fig. C.5). Therefore, 51 mol% of Al was chosen as the
optimal amount for 10 mol% TiCls doped NaAlH4. Because the screening was quite

coarse, the final optimization of the Al addition is still desired.
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Figure 4.21 The PCI curves for the sodium alanate samples with 10 mol% TiCl3
and additional aluminum.

It was also observed that with Al addition the pressure plateaus became more
pronounced, compared to the sample without Al. Furthermore, the dissociation
pressure is kept at the same level as for the sample with the low dopant content.
Therefore, the formation of another hydride composite can be most likely excluded.

To facilitate the understanding of the composition changes during hydrogen
absorption and desorption in the sodium alanate sample doped with TiCls and Al,
X- ray powder diffraction analysis was performed. XRPD pattern for the 10 mol% TiCls
doped sample (Fig. 4.22) showed that the hydrogenated sample is composed mainly
of NaAlH4 and NasAlHs. There is certainly enough Al available for the reaction with
NasAlHs, however, the rehydrogenation was not completed.

To understand this ambiguity, several possible reasons why aluminum can not
fully participate in the rehydration reaction, such as the mass transfer problem or the
irreversible formation of the Al(1-y)Tiy phase with y < 0, have been discussed. Generally,
the mass transfer may be the reason for incomplete hydrogenation due to the long
diffusion paths through the product layer?”3l. During rehydrogenation, metallic
aluminum particles would first react with NaH to NasAlHes, and in parallel formed
NasAlHs would react with the residual aluminum to NaAlH4. The metallic aluminum
particles would thus be coated by the NaAlH4 layer. Those aluminum particles would
after some period of rehydrogenation consist of an aluminum center coated with

NaAlH4. The aluminum in the particle cores will not be reached by the reactant NasAlHs
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formed in other parts of the sample so that the rehydrogenation process will be

terminated.
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Figure 4.22 XRPD patterns for cycled 10 mol% TiCls doped sodium alanate
sample with and without Al addition (hydrogenated state).

However, a closer look at the Al reflections reveals that the mass transfer problem
is probably not the main reason in this case. All aluminum reflections are broad, and
this most probably indicates the presence of a non-identified Al-phase. After
hydrogenation of the sample with additional aluminum, the NasAlHs reflections
disappeared, suggesting that there was enough free Al present for NasAlHs to form
NaAlH4. Furthermore, in the sample with additional aluminum, a new reflection with an
unclear origin at about 34.4° 26 was observed. It worth noting that the reflection at
34.4° 20 is present in the NasAlHs pattern; however, none of the other reflections of
NasAlHs were present in the hydrogenated sample with extra aluminum.

A similar situation was observed with the sample doped with 15 mol% TiCls
(Fig. 4.23). After hydrogenation, only the reflections of NasAlHs and Al were present.
This means that the rehydrogenation of NaH to NasAlHs was completed, while the
hydrogenation of NasAlHes to NaAlH4 did not take place. After the addition of 40 mol%
of aluminum (based on the assumed Alo.ssTio.15 phase) to 15 mol% TiClz doped sodium
alanate, the formation of NaAlH4 was observed. The XRPD pattern of the sample with
additional aluminum displays reflections that indicate the presence of NaAlH4 and the

unidentified structural element at 34.4° 26.
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Figure 4.23 XRPD patterns for cycled 15 mol% TiClsz doped sodium alanate
sample with and without Al addition (hydrogenated state).

The PCI measurements confirmed these observations (Fig. 4.24). Extra Al
addition influences only the second hydrogenation step (NasAlHs — NaAlH4). Thus, in

this case, two hydrogenation steps are present, compared to the sample with TiCls

addition, only.
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Figure 4.24 The PCI curves for the sodium alanate samples with 15 mol% TiCl3
and additional aluminum.

Summarizing, the PCl measurements indicated the disappearance of the

pressure plateau with the increase of the TiClz dopant content. It was confirmed that
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this effect is due to the lack of Al in the system caused by the formation of Al-rich-Ti
phases. The addition of pure aluminum to the system has led to the appearance of the
second plateau and to an increase of the hydrogen storage capacity. The performed
experiments and calculations can be used to estimate the possible Al-Ti phase
composition and deficiency of Al to complete hydrogenation. The experimental data
agree well with the theoretically calculated values (Fig. 4.20), for 10 mol% TiCls-doped
NaAlH4, 27 mol% of extra Al was not enough to compensate the lack of Al, in contrast,
66 mol% was already over the optimal level. However, the PCI data can not clarify why
51 mol% of Al showed the highest hydrogen storage capacity. Therefore, to get more
insights into the hydrogen sorption behavior of the samples with additional aluminum,
high-pressure differential scanning calorimetry (HP-DSC) measurements were

performed.

4.3.3 High-pressure DSC study of hydrogen sorption properties of doped
sodium alanate system

The slow kinetics of sodium alanate makes the investigation of the hydrogen
release and uptake pathways complicated and time-consuming. Therefore, in addition
to PCIl measurements, the investigation of the (de)hydrogenation processes in the Ti-
doped NaAlH4 system with Al addition was performed by means of HP-DSC. This
analysis allows the correct determination and comparison of the temperatures and
enthalpies of the (de)hydrogenation reactions. Moreover, the advantage of this method
is that the effects of the additive on the hydrogen absorption/desorption properties can
be investigated relatively quickly. The characterization of the doped sodium alanate
system with the help of HP-DSC was published only by a few groupsf3¢':3¢2l, |n this
work, the investigation of the high TiCls dopant level for sodium alanate will be shown
for the first time.

Based on the optimized measuring procedure performed in collaboration with
K. Burkmann in terms of his bachelor work®%3, the HP-DSC traces were mainly
measured between room temperature and 350 °C with constant heating and cooling
rates (2 °C/min) under isobaric condition (150 bar). Figure 4.25 shows the DSC curves

with a linear temperature scan for doped/undoped sodium alanate samples.
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Figure 4.25 High-pressure DSC traces for doped/undoped NaAlH4+ measured at
150 bar.

Several signals are observed during heating and cooling. During heating, the
signals are identified as follows: the first endothermic peak is attributed to the
decomposition of NaAlH4, the second peak is generally ascribed to the structural
transformation of NasAlHs — the phase transition from the monoclinic a-NasAlHs to the
orthorhombic B-NasAlHs; the third signal assigned to the decomposition of NasAlHs to
NaH. Owing to the reversibility of the hydrogenation reaction of doped sodium alanate,
the peaks observed during cooling are related to the formation of NaAlH4. The melting
and decomposition of NaAlH4 should deliver during DSC measurement two separate
DSC signals based on the thermodynamic calculations at p(Hz2) = 150 bar (at 182 °C -
melting, at 198 °C - decomposition), whereas the experiments show only one signal at
the predicted temperature of 182 °C for melting.

The diagram shows the slow decomposition of pure alanate and demonstrates
the advantage of using TiClz as a dopant. The decomposition peaks for Ti-doped
sodium alanate slightly shifted to a lower temperature (Table 4.4), compared to pure
sodium alanate. However, the increase of the TiCls dopant level has no strong effect
on the (de)hydrogenation temperatures, but clearly improves the kinetics, in particular
rehydrogenation reactions in comparison to pure sodium alanate. The first desorption
step is more strongly influenced by the slow kinetics than the second, which can be
concluded from the fact that the equilibrium has not been reached. Considering the

slow reaction kinetics, equilibrium is unlikely to be reached in dynamic measurements
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carried out by temperature variations. In comparison to dehydrogenation reactions, the
hydrogenation reactions are clearly slower. The exothermic peaks during
hydrogenation of the samples with higher Ti additive content become narrower, due to
the faster kinetics of the hydrogen absorption, compared to the pure NaAlH4 case in
which hydrogen does not absorb under these conditions. It is important to note, that
no evidence for the additional formation of the “unstable” hydride (titanium alanate)
was found, which was expected to result from increasing the Ti content.

Table 4.4 Relation between decomposition temperature and dopant content in
sodium alanate measured under isobaric condition at 150 bar.

Onset temperature, °C

TiCls content

T1 des Ttrans T2 des

15 mol% 179.6 252.3 298.8
10 mol% 183.9 252.3 298.5
2 mol% 184.2 252.2 298.4
pure 182.5 251.9 304.1

Overall, it must be noted that the onset temperatures (see Table 4.4) hardly
depend on the additive amount. There are two possible reasons for this. The
temperature of about 181°C[3%4 corresponds to the melting temperature of NaAlH4. The
melting is thermodynamically unstable at the chosen pressures and temperature, so
this temperature effect is associated with the melting and simultaneous decomposition
of NaAlHs. The constancy of the second effect is associated with the phase
transformation of sodium alanate. The third effect may again be associated with the
melting of NasAlHes analogous to the interpretation of the first effect. There are no data
on the melting of this compound, but the order of magnitude of this temperature is
physically reasonable. The second explanation can be based on Scheme 4.5. During
the milling of the starting components, NaCl and Al-Ti phase are already formed in
addition to the target component NaAlH4. Both by-products show no reactions with
hydrogen under the selected reaction conditions, they are in principle inert. Therefore,
the observed effects correspond only to the hydrogen sorption behavior of pure
NaAlH4. Both justifications also play a role in the discussion of the experiments as a
function of pressure.

The effect of pressure on the (de)hydrogenation behavior of 15 mol% doped

NaAlH4 is shown in Figure 4.26.
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Figure 4.26 High-pressure DSC plots for 15 mol% TiClz doped NaAlH4+ measured
at different pressures.

With the increase of pressure, the decomposition/hydrogenation peaks became
narrower, due to the increased reaction rate. The effect of pressure is clear, the rate of
reaction is improved by increasing the driving force. The hydrogenation peaks at low
pressures are broad and indistinct, and indicate the incomplete hydrogenation of the
sample. By increasing the pressure, the dehydrogenation temperatures (Fig. 4.27;
Appendix C, Table C.3) are shifted to higher values, and at lower pressure, this effect
is more pronounced. The phase transition of NasAlHs was not influenced by the
pressure change. The change of desorption temperature with the pressure change was
observed only until 150 bar. Above p(Hz2)=150 bar, the theoretical decomposition
temperature of NaAlHs(s) is greater than 180°C, thus greater than the melting
temperature of NaAlH4. Above 150 bar, therefore, the almost constant decomposition
temperature is again related to the melting temperature of NaAlH4. An analogous
interpretation can also be provided for the pressure dependence of the decomposition
of NasAlHe. Looking at Fig. 4.27, the melting temperature should be about 300°C. The
slight increase of the onset temperature above the melting temperature can be
explained in both cases by the pressure dependence of the melting temperature, since
the molar volume of NaAlHa4(lig) > NaAlHa4(s) or of B-NasAlHs(liq) > B-NasAlHs(s) and
follows with the equation of Clausius-Clapeyron:

dT _ AgH
dp  T-ApV

AcH > 0and AgV > 0,and thus = > 0 (4.22)
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Figure 4.27 Dependence of the desorption temperature from the pressure
change for 15 mol% TiClz doped NaAlH..

From HP-DSC experiments, the thermodynamic parameters for NaAlH4 can be
obtained from the Van’t Hoff equation by determining the temperature dependence of

the equilibrium pressure:

AH AS
Deq = —— — (4.23)

In this way, from the linear fit of reciprocal temperature versus equilibrium
pressure (Fig. 4.28; Appendix C, Table C.4), the reaction enthalpy and reaction entropy

were determined.
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Figure 4.28 Van't Hoff plots of 10 and 15 mol% TiCls doped NaAlH..
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The slight change of the reaction entropy in the solid phase by the addition of
different titanium amounts makes this quantity less characteristic for this system than

the reaction enthalpy (Table 4.5).

Table 4.5 The values of reaction enthalpies and entropies of Ti-doped NaAlH.a.

ARH°1 des. ARHOZ des. ARS°1 des. ARSOZ des.
kd/molH2 kJ/molH2 J/K-'molH2 J/K-mol H2

TiCls content

15 mol% 31.0+13 471+20 108531 1232+3.7
10 mol% 289+13 47404 104731 124307
4 mol% (HP-DSC)1361] 284+15 51.9+1.2 - -
2 mol% (PCI)i8l 37 47 - -

With an increase of the dopant content, slight increases of the reaction enthalpies
for the first decomposition step were observed. However, the calculated enthalpies
may deviate from the real value, because it is hard to attain an equilibrium of the
system, and therefore the true enthalpy value is expected to be between the ones

derived for absorption and desorption from the Van’t Hoff plot:
Teq(abs.) < Teq < Teq(des.)
ArHC(abs.) < ArH° < ArH"(des.)

Moreover, at low pressures, the onset temperature is affected by the slow
hydrogenation kinetics, and therefore were not taken for the calculation of the enthalpy.
The obtained enthalpies for the first and second dehydrogenation steps of Ti-doped
NaAlH4 were compared with the literature data (Table 4.5). The enthalpy values
obtained for the first step agree well with the data obtained by Rongeat et al.l%61 in
contrast, the values for the second step are in good agreement with the ones
experimentally obtained from PCl measurements by Bogdanovi¢ et al.l8l. At high
temperatures in HP-DSC measurements, the kinetics is faster and the reaction
enthalpy can be calculated more precisely. The fact that obtained values are close to
the literature data confirms that the onset temperatures obtained from HP-DSC
measurements are precise enough to estimate the reaction enthalpy for the complex
metal hydrides with slow kinetics.

Furthermore, the influence of the Al addition on the change of the thermodynamic
parameters of Ti-doped NaAlHs4 was investigated. Figure 4.29 shows the isobaric
hydrogen desorption/absorption behavior of different composite materials, with and

without aluminum addition.
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Figure 4.29 High-pressure DSC plots (150 bar) of 10 mol% TiCls doped NaAlH4
with/without Al addition.

The first decomposition peaks appear at nearly the same temperatures
(Table 4.6) for all measured samples (under the same conditions 150 bar H2 and
2 °C/min heating rate). For the samples with very high Al content (51 and 66 mol%)
two other signals, namely, structural transformation and second decomposition step
were influenced. It is important to point out that the samples with 51 and 66 mol% of
Al in 10 mol% TiCls doped sodium alanate reveal the additional reversible effect which
takes place around 330 °C (at the hydrogen pressure of 150 bar). The measured traces
for doped sodium alanate samples showed good reproducibility (Appendix C, Fig. C.6
and C.7).

Table 4.6 The onset temperatures (at 150 bar) during decomposition of 10 mol%
TiCl3 doped NaAlH4 with different Al content.

Onset temperature, °C

Additives T1 des Ttrans T2 des T3 des
10 mol% TiCls + 66 mol% Al 184.5 2429 302.8 328.2
10 mol% TiCls + 51 mol% Al 184.2 242.7 303.3 332.0
10 mol% TiCls + 27 mol% Al 184.5 251.6 298.3 -
10 mol% TiCls 183.9 252.3 298.5 -

The decomposition temperature of the new signal for both cases (with 51 and
66 mol% of extra Al) is above 300 °C and is pressure dependent (Table 4.7).
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Considering that this process is reversible, the dependence of the temperature at which

this effect is observed on the hydrogen pressure indicates the existence of a hydride.

Table 4.7 Dependence of the decomposition temperatures from pressure for
10 mol% TiClz with 66 mol% Al-doped NaAlHa.

Onset temperature, °C

Pressure, bar

T1 des Ttrans T2 des T3 des
100 179.8 242.8 280.8 307.7
120 182.1 2422 290.4 318.6
150 184.5 242.9 302.8 328.2
200 186.4 - 339.5 351.8

The calculated values of the reaction enthalpy and entropy based on the Van't
Hoff plot are presented in Table 4.8. The reaction enthalpy of the second step was not
influenced by the aluminum addition. Interestingly, the value of the reaction enthalpy
for the third event is close to the value for the reaction enthalpy of sodium hydride -
56.4 kd/mol H2[?8%, However, it is very unlikely that the decomposition of NaH can occur
at a temperature as low as the temperature of the third event since NaH is very stable

and has a decomposition temperature of about 475 °CI365],

Table 4.8 The values of reaction enthalpies and entropies for Ti-doped NaAlH4
with extra aluminum.

ARH2 des. ARH3 des. ARS?2 des. ARS3 des.

Additive kJimol H2  kJimolHz  J/K:mol Hz  J/K-mol Ha

10 mol%TiCls + 66 mol%Al 47.1+6.6 55.6 +3.1 123.5 + 11 133.9+5.3
10 mol%TiClz + 51 mol%Al 476+14 576+15 1240+25 136.7+2.5

In worth noting, that the new effect occurs only with the addition of a high amount
of aluminum. The pressure dependence of the reaction and the value of the reaction
entropy of about 135 J/(K-mol H2) suggests that it is a decomposition of a hydride.
Since the decomposition temperature is lower than that of pure NaH, an unknown Na-
Al or Na-Al-Ti alloy must form. This assumption was made based on the similar
behavior of LiH in the presence of Al Therefore, the observed effect at a relatively
lower temperature compared to the pure NaH suggests the possibility that the release
of hydrogen resulted from a reaction between NaH and Al rather than from the
decomposition of NaH itself. However, no Na-Al compound is known to date.[%7],

To gain more insight into the role of the aluminum and to study the decomposition

path of the mixture with only aluminum and sodium alanate, a series of HP-DSC
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measurements were performed. The HP-DSC measurement of the 66 mol% Al-doped
NaAlHs4 sample also showed the third effect at about 330 °C (Fig. 4.30).

40 1
T1des ! Ttrans
184.6 °C 1 242.3°C
20 - 1
p | T2des
04 heating ~300.7°C

Heat flow / mW
A N
o o

o)
o
1

Exo¢

-80

T T T T T T T T : T T T T T T T T
50 100 150 200 250 300 350 400 450
Sample temperature / °C

Figure 4.30 HP-DSC plot measured at 150 bar for 66 mol% Al doped NaAlHa.

The NasAlHs phase transition was also affected and was found at the same
temperature as for the previous samples with TiCls and Al addition (Table 4.6). The
system with added aluminum only displays very slow kinetics compared to the system
with TiCls addition. However, the kinetics was improved if only aluminum was added
to sodium alanate in contrast to pure sodium alanate case.

Furthermore, in order to investigate the structural changes in the sample during
decomposition, the dehydrogenation cycle was stopped at 320 °C, before reaching the
temperature of the new event. The hydrogen pressure of 150 bar was reduced
immediately to atmospheric pressure and the system was allowed to cool down to
20 °C. Afterward, the XPRD analysis was carried out to evaluate the structural changes
in the sample (Fig. 4.31). Despite the noisy diffraction pattern (probably due to
inhomogeneities in the sample), it was possible to distinguish the presence of NaH, Al,
and other structurally unidentified material causing new reflections, especially one with
high intensity at around 34° 26, which was also found in other samples with high Al
content in TiCiz-doped NaAlH4 (Fig. 4.21 and 4.22). Thus, it was clarified that the new
effect appears not due to the formation of Al-Ti phases, but due to Al addition and

probably results from the formation of the metastable Na-Al phase.
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Figure 4.31 XRPD patterns for 66 mol% Al doped NaAlH4 ball milled (top), cycled
in Sieverts apparatus (middle), and after HP-DSC measurement (bottom).

From this investigation, it can be concluded that aluminum, but not an Al-Ti-phase
as it was suggested previously, exerts a beneficial influence on the properties of doped
sodium alanate for hydrogen cycling. However, it is still not clear whether Al forms an
additional phase with Na, or facilitates the decomposition of NaH. Additional
measurements of the decomposition behavior of NaH with Al would help to clarify this
ambiguity.

In summary, the results obtained from PCI measurements combined with the
ones of HP-DSC allowed a more comprehensive analysis of the (de)hydrogenation
processes to be carried out, resulting in additional information regarding the role of the
TiCls and Al additives in the hydrogenation characteristics of the investigated sodium

alanate composites.

4.3.4 Conclusions

In the introduction part, a detailed discussion about the properties of sodium
alane was presented. Despite the low cost and weight, high hydrogen content, and
auspicious operating conditions, several challenges and severe problems, associated
with the properties of this material, as the hydrogen carrier were emphasized. Among
others, the slow kinetics and the high enthalpy of hydrogen sorption/desorption are

particularly prominent. This shows the need for new strategies to tune the properties
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of the sodium alanate-based system in order to develop the composite material with
favorable properties. The doping of NaAlHs4 with additives, such as TiCls, can
significantly improve the hydrogenation/dehydrogenation kinetics and can influence
the thermodynamics of the system. However, at the same time, it reduces significantly
the hydrogen storage capacity, due to the additional weight of the dopant and the
formation of undesirable by-products.

With the goal to develop a practical hydride composite based on sodium alanate,
the hydrogen sorption properties were studied to gain a better understanding of the
cycling behavior of a simple model system where sodium alanate doped with a small
amount of the Ti additive. Further, the content of the catalyst was increased in order to
form an Al-Ti-phase, which was expected to increase the dissociation pressure of the
sodium alanate system, which is the chosen design target for a high-pressure hybrid
tank. Therefore, samples containing relatively high amounts of the dopant (10 and
15 mol% of TiCls) were investigated in detail.

PCI curves recorded for Ti-doped NaAlH4 confirmed that with the increase of the
dopant content the hydrogenation/dehydrogenation rates increase and the gravimetric
storage capacity decreases. Furthermore, the experimental results showed that
already at 15 mol% of TiCls the absorbed amount was significantly lower than
theoretically calculated. Therefore, it was assumed that NaAlH4 was consumed for the
formation of Aluy)Tiy phases (y < 0.25). In order to confirm this assumption,
measurements with the addition of pure Al powder were performed. The obtained
results clearly indicated that the excess of Al in the Ti-doped NaAlH4 system increases
the amount of cyclable hydrogen. These results also evidenced that the Al content is
the limiting factor for the second hydrogenation step (NasAlHs — NaAlH4) since some
of Al is consumed for the formation of the Al-rich-Ti-phase.

In order to gain more information about the effect of Al addition in Ti-doped
sodium alanate, the (de)hydrogenation behavior of this system was studied using
pressure differential calorimetry. From the Van't Hoff plot, the enthalpies for the first
and second dehydrogenation steps of 10 mol%-doped NaAlH4 were estimated to be
28.9 £ 1.3 kd/mol Hz and 47.4 + 0.4 kJ/mol H2, respectively. The measurements with
added Al to Ti-doped NaAlH4 samples showed an additional heat effect, the origin of
which is not fully understood. This new event appears to be reversible in respect to
temperature and pressure variations displaying a reaction enthalpy of about 56
kJ/mol H2. Aiming at understanding the dehydrogenation reaction path, the XRPD
analysis of the dehydrogenated and hydrogenated mixture of Al and NaAlHs was
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carried out. A more detailed investigation of this system revealed that this effect
appears most probably due to the formation of a metastable Na-Al phase.

Thus, the present study contributed to a better understanding of the hydrogen
sorption chemistry in sodium alanate doped with a high content of additives and the

influence of the addition of aluminum to the system.
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5 SUMMARY AND CONCLUSIONS

In the introduction part of this thesis, the hydrogen absorption/desorption
behavior of different complex hydride systems, with the emphasis on the perspective
of light element containing hydrides developed in the last years, was discussed. There
is a substantial amount of research done on modification of the properties of complex
hydrides, for instance on tri- and multi-metal hydrides, to achieve the practical
hydrogen storage system. Unfortunately, despite decades of extensive research, no
material has been found which can combine all properties required for commercial
applications. Therefore, the main task of this work was to search for Al-based material
that can store hydrogen reversibly under mild conditions. In order to achieve this goal,
the main efforts in this work were focused on two directions: the synthesis and design
of new targeted materials and the development of already existing materials with
specific properties.

The primary goal of the work on the submitted dissertation was to investigate the
potential of Al-N-based compounds for solid-state hydrogen storage. In order to find
suitable aminoalanes for hydrogen storage, several heterocyclic amines were
examined. However, the numerous hydrogenation experiments with variants of the
group of these compounds indicate that aminoalanes can not uptake hydrogen at
pressure up to 1000 bar in the solid state. Several modifications of the synthesis
procedure were made to generate novel aminoalanes with properties advantageous
for rehydrogenation. Finally, it was concluded that aminoalanes can not uptake
hydrogen in the solid state due to their high stability largely resulting from the
oligomerization/polymerization process. Further studies showed that aminoalanes can
be rehydrogenated in solution. Therefore, the first chapter of this work was mainly
focused on the synthesis and investigation of Al-N-based compounds for reversible
hydrogenation in the presence of a solvent. The perspective approach for reversible
hydrogenation applying activated aluminum and secondary amine was proposed. By
changing the reaction parameters and doping agent for aluminum, aminoalane with
the desired properties was developed. In particular, it has been shown that:

1. The main factor that enables hydrogenation in the investigated system is the
activation of aluminum by a transition metal additive. A selection of transition metal
compounds has been investigated as additives for producing TM-activated aluminum
(TM =Ti, Zr, Hf, and Y). It has been shown that Ti, Zr, and Hf can efficiently promote

the activation of aluminum for its hydrogenation. The experiments performed showed
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that the TM activity for the piperidinoalane formation decreases in the order Zr > Hf >
Ti>Y.

2. The properties of triethylenediamine alane and piperidinoalane were
investigated in detail. As the result of the structural and spectroscopic characterization,
two crystal structures, [pip2AIH]2 and [pipsAl]2 (pip = 1 - piperidinyl, CsH10N) were
discovered. Both structures possess dimers with [AIN]2 units as central elements.

3. By wusing multinuclear NMR spectroscopy, the reversibility of the
piperidinoalane-based system has been evidenced, demonstrating a potential pathway
for hydrogen storage in aminoalanes. After the investigation of the main reaction
variables, the optimal conditions for the reversible hydrogenation in this system
([pip2AIH]2 < [pipAlH2]2) were defined: hydrogen uptake at 35 °C and 80 bar of Hz and
hydrogen release at 120 °C, in THF solution. Furthermore, the mechanism of aluminum
hydrogenation in the presence of piperidine was proposed.

Despite the fact, that piperidinoalane cannot become a practical system, due to
its low hydrogen storage capacity, it can open new possibilities for the application of
other aminoalanes with more favorable properties for hydrogen storage. The simplicity
and versatility of the proposed pathway could be suitable for the synthesis of other
alane-based compounds. Thus, aminoalanes could become more available for a
multitude of applications, such as the reduction of certain organic compounds, where
Al could be reused. For potential practical applications of aminoalane as the hydrogen
storage media, the identification of high hydrogen weight percentage systems with fast
reversible hydrogenation kinetics will be a prerequisite.

The second part of this work was related to the modification of the properties of
sodium alanate-based system in order to develop a composite useful for application in
high-pressure hybrid tanks. In regard to meet the challenges to use sodium alanate-
based systems as hydrogen storage material, several improvements were achieved
by the addition of high amounts of transition metal salt and aluminum. In contrast to
previous investigations, the additives were not meant to fulfill the role of catalysts but
also to work as reactants changing thermodynamic properties. Based on the performed
experiments the following conclusions were made:

1. With an increase of the TiCls content, an enormous change of the hydrogen
pressure plateau in Ti-doped NaAlHs4 was detected. The PCI curve showed the
disappearance of the second hydrogenation step (NaszAlHs — NaAlH4) for 15 mol%
TiCls doped NaAlHa4.
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2. The hydrogen storage capacity of NaAlH4 by adding high amounts of TiCls
decreased drastically, compared to the theoretically expected reduction. The
unexpected relationship between dopant content and stored hydrogen amount was
explained by the formation of metastable Al(1-y)Tiy phases (y < 0.25).

3. It was assumed, that the consumption of aluminum for the formation of Al-Ti
phases leads to the "depletion" of free aluminum in the system, and thus lowers the
hydrogen storage capacity. In particular, for the dopant content up to 15 mol% of TiCls,
this depletion affects only the second hydrogenation step (NasAlHs — NaAlH4). The
good agreement between experimental and calculated data showed, that for a critical
dopant content above ~14.3 mol% (for suggested Alo.ssTio.15 phase), this step will be
completely suppressed.

4. The analysis of PCI data clearly showed that after the addition of Al to Ti-doped
samples the hydrogen storage capacity was noticeably increased. For 10 mol% Ti-
doped NaAlH4 the reversible hydrogen content was increased by 0.77 wt.- %, when 51
mol% of Al was added. It was assumed that extra Al addition facilitates the formation
of NaAlH4 from NasAlHs, and as a result, increases the hydrogen storage capacity of
Ti-doped NaAlH4 system.

5.  The optimum amount of Al addition as a function of Ti content in the assumed
Al-Ti phase was calculated and showed good agreement with experimentally obtained
data. The performed calculations can be used to estimate the possible Al-Ti phase
composition and the deficiency of Al in Ti-doped NaAlH4 system.

6. The addition of the high amounts of Al leads to an additional thermal signal
during the HP-DSC measurement which takes place at around 330 °C (at 150 bar).
This event was reversible and pressure dependent, and occurs with a reaction enthalpy
of about ~56 kJ/mol H2. The temperatures of the structural transformation and
decomposition of NasAlHs were also affected by the aluminum addition, compared to
the sample with TiCls addition, only.

7. To gain more insight into the role of aluminum in this composite, the mixture
with only aluminum and sodium alanate was investigated. The HP-DSC measurements
of the 66 mol% Al-doped NaAlH4 sample also showed the signal at about 330 °C (at
150 °C). Thus, it was confirmed that the new effect is not related to the Al-Ti phase,
but appears due to the decomposition of an unknown hydride phase.

The present study contributes to the understanding of the (de)hydrogenation
behavior of Al-based systems with perspectives being applicable to other related

materials.
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RECOMMENDATIONS AND OUTLOOK

Many lessons that have been learned from the NaAlH4 system may open up
different possibilities for achieving the goals required for a practical hydrogen storage
system. All these findings should be summarized for the extrapolation of this
knowledge to other possible alanate-based hydrogen storage materials. On the other
hand, a sodium alanate system, which cannot satisfy completely the requirements of
the automotive industry, can be useful for stationary applications. Novel battery
materials, solar heat storage, low-power small-scale units could be possible
applications of sodium alanate. Thus, there is still some commercial interest in sodium
alanate, even if originally it was envisaged for other applications.

The safety of a hydride-based storage system is an issue with respect to practical
implementation as well. Sodium alanate, especially when loaded with titanium, is a
very reactive solid, which can ignite with air or moisture. Strategies that reduce this
problem have to be developed. Solving problems step by step may lead to hydrogen
storage systems that could meet these requirements.

Many other Al-based complex hydrides have been not yet explored. The
structures and thermodynamic properties of different Al-N-based complexes are still
unknown. The main reason is that they are difficult to synthesize in crystalline form,
but are often obtained as amorphous solids. Systematic investigations of these
systems may reveal the material that matches simultaneously the thermodynamic and
hydrogen capacity requirements.

Taking into account the results of this work, future activities should include:

1. A systematic study of aminoalane preparation from aluminum and amine via the
mechanochemical approach under hydrogen pressure.

2. Optimization of the TM additive content in the activation procedure of aluminum.
Investigation of other suitable additives for aluminum activation.

3. In situ experiments to clarify the role of TM additive for reversible hydrogenation
of aluminum in the presence of an amine.

4. Further investigation of the nature of titanium species in Ti-doped NaAlH4 to
extend the knowledge about the mechanism of Ti action.

5. Identification of the new phase and effect that appear during Al addition to
NaAlH4. The HP-DSC measurement of NaH with the addition of Al, in order to compare
the decomposition temperatures with pure NaH.
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6. Modification of properties of other alanate-based complexes by aluminum
addition.
Parallel to laboratory studies, the search for alternative hydrogen storage
materials by computational methods should be pursued. The thermodynamic
calculations may predict the dehydrogenation enthalpy of different complex hydrides

and thereby be useful for identifying those compounds suitable for hydrogen storage.
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SUPPORTING INFORMATION
Appendix A

Preparation of aminoalanes

Synthesis routes for aminoalanes preparation:
1. Direct reaction between aluminum hydride and amine:
» AlH3 and amine in THF solution

In this synthesis approach, first, y-AlHs was prepared by the reaction of lithium
alanate and aluminum chloride according to the reaction described by Brower et al.[*3!
In the second step, the solid alane was dissolved in THF and this solution was added
to the reaction flask that contained THF suspension of amine. The reaction mixture
was usually cooled to -78 °C (isopropanol/dry ice) and then slowly warmed up until
room temperature and stirred until hydrogen evolution has stopped. The solid product
was collected from the resulting suspension by filtration, washed with THF, and dried
for several hours in vacuum.

» AlH; ethereal solution and amine

In this synthesis route, two steps were involved: in the first stage, the solution of
AlHs was generated by the reaction of LiAlH4 and AICIs in Et20; in the second step, the
formed solution was directly treated with the amine solution in Et20 at -78 °C. This
reaction mixture was allowed to heat up slowly to room temperature. The reaction was
finished when the hydrogen evolution has stopped. The solid product was collected
from the resulting mixture by solvent extraction under vacuum.

2. Direct reaction between alkyl aluminum and amine:

The solution of diisobuthylaluminum hydride (DIBAL) or trimethylaluminum
(TMAL) in hexane (or toluene) was added to the amine solution at 0 °C. The reaction
mixture was allowed to reach room temperature.

3. Synthesis via chloramine (trichlormelamine):

The formation of aminoalane succeeded by the simple addition of the LiAlH4
solution in Et20 (or hexane, toluene) to chloramine solution at -78 °C. The precipitated
LiCl was filtered off after the reaction mixture reached room temperature.

4. Cascade reaction with aluminum chloride, lithium alanate and amine:

This approach was developed for the amines, which were insoluble in common
organic solvents. In order to obtain the soluble intermediate, the amine was reacting
with an ethereal solution of AICIs, the further reaction with LiAlH4 finally give
aminoalane.

5. Salt reaction between lithium alanate and amine hydrochloride:

In the common procedure, LiAlH4 was dissolved in Et20, and then was mixed with
a precooled (to -78 °C) solution of amine hydrochloride in Et20. After reaching room
temperature, the reaction mixture was filtrated in order to remove LiCl.
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6. Transamination reaction:

In this synthesis approach, first, trimethylamine alane was prepared as described
in method (5). The obtained powder was dissolved in diethyl ether and was added to

diethyl ether suspension of amine.

7. Direct hydrogenation of activated aluminum and amine:

This reaction path requires prior preparation of the activated aluminum powder
developed by Graetz et al.[’'l The hydrogenation of amine with activated aluminum in
the presence of solvent (THF or Et20) took place in the autoclave reactor under

hydrogen pressure up to 100 bar.

Caution: Aluminum hydride and its derivatives are air- and moisture-sensitive
and are pyrophoric. Some aminoalanes can lead to spontaneous, violent reactions
upon contact with the air (e.g. 2-Picolylamine alane) or upon mechanical impact (e.g.

Triazine alane).

Table A.1 Starting conditions for aminoalanes preparation and the yield of the formed

product ( - the product cannot be purified from LiCl).
N Amine Solvent Aluminum source T, °C Yield
m. g mmol mL m. g mﬁol m. g %
Direct reaction between aluminum hydride and amine
1 Melamine 0.77 6.1 THF 50 | AlH3 1.1 36.7 -78/RT | 1.3 78
2 Melamine 0.5 4.0 Et2O 50 | AlH3 0.71 23.7 -78/RT | 0.84 77
3 Melamine 0.5 4.0 THF 50 | AlH3 0.36 12.0 O/RT 0.67 91
4 Melamine 0.5 4.0 THF 50 | AlH3 0.12 4.0 O/RT 0.5 102
5 Melamine 1.0 7.9 Et2O 50 | AlH3 0.71 23.7 RT 1.74 120
6 Triaminopyrimidine | 1.0 8.0 THF 90 | AlHs 0.72 24.0 -78/RT | 2.23 130
7 Triaminopyrimidine | 1.0 8.0 Hexane 90 | AlHs 0.72 24.0 O/RT 1.34 78
8 Triazine 0.5 6.2 THF 50 | AlH3 0.8 26.7 O/RT 036 34
9 Triazine 0.5 6.2 THF 50 | AlH3 0.555 18.5 -78/RT | 1.08 102
10 | Diaminotriazole 0.5 5.0 THF 50 | AlH3 0.15 5.0 RT -
11 Diaminotriazole 0.5 5.0 THF 50 | AlH3 0.3 10.0 RT -
12 | Diaminotriazole 0.5 5.0 Et.O 50 | AlH3 0.3 10.0 RT -
13 | Diaminotriazole 0.5 5.0 THF 50 | AlH3 0.454 15.1 RT 0.85 90
14 | Triazole 0.5 7.2 Et2O 50 | AlH3 0.217 7.2 -78/RT -
15 | 2-Picolylamine 2.57ml | 25.0 Hexane | 20 | AlHs 0.75 25.0 -78/RT | 2.2 64
16 | 2-Picolylamine 1.3ml 12.6 THF 20 | AlH3 0.375 12.5 -78/RT | 165 95
17 | 2-Picolylamine 2ml 19.4 Et2O0 40 | AlHs3 0.58 19.4 -78/RT | 2.8 104
18 | Pyrrole 1.67 25 THF 20 | AlH3 0.75 25.0 -78/RT | 141 58
19 | Triethylendiamine 1 8.9 THF 40 | AlHs 0.3 10.0 -78/RT | 1.08 85
20 | Triethylendiamine 1 8.9 Et2O0 50 | AlH3 0.27 9.0 -78/RT | 1.0 79
21 Pyridine 1ml 12.4 THF 25 | AlH3 0.372 12.4 -40/RT | 0.8 60
22 | Pyridine 1ml 12.4 THF 25 | AlH3 0.372 12.4 -40/RT | 1.1 81
23 | Pyridine 1ml 12.4 Et2O0 25 | AlH3 0.372 12.4 -78/RT | 1.27 94
24 | Pyridine 20m 248 - - LiAlHs  0.38 12.7 RT 145 105
25 | Pyrazine 0.5 6.2 Hexane | 50 | AlHs 0.187 6.2 -78/RT -
26 | Pyrazine 0.5 6.2 THF 50 | AlH3 0.187 6.2 -78/RT | 0.79 115
27 | Pyrazine 0.5 6.2 THF 50 | AlH3 0.374 12.5 -78/RT | 1.1 126
28 | Pyrazine 0.5 6.2 Et2O0 30 | AlH3 0.187 6.2 -78/RT | 0.55 80
29 | Pyrazine 0.5 6.2 Et20 30 | AlH3 0.374 12.5 -78/RT | 0.6 67
30 | Aniline 0.83ml 9.0 CesHs 40 | AlHs 0.27 9.0 RT 027 24
31 | Aniline 1ml 10.9 THF 40 | AlHs 0.315 10.5 -78/RT | 1.87 | 140
32 | Aniline 1.5ml 16.4 Et20 40 | AlHs 0.5 16.7 -78/RT | 2.3 114
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33 | Tetramethyl- 1ml 59 Et.O 40 | AlHs 0.178 6.0 -78/RT | 0.91 90
piperidine
34 | Tetramethyl- 2ml 11.9 Et.O 40 | AlHs 0.178 6.0 -78/RT | 0.95 47
piperidine
35 | Piperidine 1 mi 10.1 Et.O 40 | AlHs 0.303 10.1 -78/RT | 1.0 87
36 | Piperidine 2ml 20.2 Et.O 40 | AlHs 0.303 10.1 -78/RT | 1.65 72
37 | Piperidine 3.5ml 35.4 Et.O 40 | AlHs 0.303 10.1 -78/RT | 2.32 68
38 | Piperidine 1ml 10.1 Et.O 40 | AlHs 0.607 20.2 -78/RT | 0.87 75
39 | Piperazine 1 11.6 Et.O 50 | AlH3 0.348 11.6 -78/RT | 1.14 85
40 | Piperazine 1 11.6 Et.O 50 | AlH3 0.696 23.3 -78/RT | 1.24 73
41 Pyrrole 1 mi 14.4 Et.O 45 | AlHs 0.43 14.3 -78/RT | 0.84 60
42 | Pyrrole 2ml 28.8 Et.O 45 | AlHs 0.43 14.3 -78/RT | oil -
43 | Pyrrole 3ml 43.2 Et.O 45 | AlHs 0.43 14.3 -78/RT | 3.46 83
44 | Pyrrolidine 1 mi 12.2 Et.O 45 | AlHs 0.365 12.2 -78/RT | 0.88 71
45 | Pyrrolidine 2ml 24.4 Et.O 45 | AlHs 0.365 12.2 -78/RT | oil -
46 | Pyrrolidine 3ml 36.6 Et20 45 | AlHs 0.365 12.2 -78/RT | 2.25 61
47 | Pyrrolidine 1 mi 12.2 Et.O 45 | AlHs 0.73 24.3 -78/RT | 0.84 68
Direct reaction between alkyl aluminum and amine (DIBAH - AIHBuz (1M in hexane), TMA - AlMes (2M
in hexane/toluene)
48 Melamine 1 7.9 Hexane 20 | TMA 12 ml 24 0/RT -
49 | Triaminopyrimidine | 1 8.0 Hexane 20 | TMA 12 ml 24 0/RT -
50 | 2-Picolylamine 2.57 25 Hexane 5 TMA 125ml 25 0/RT 4.2 102
ml
51 3-Picolylamine 0.815 8.0 Hexane 5 TMA 4 ml 8.0 0/RT 1.3 98
ml
52 | Pyrrole 1.73ml 25 Hexane 20 | TMA 12.89ml 25 O/RT 291 84
53 Pyrazine 0.5 6.2 Hexane 45 | TMA 6.24 ml 12.5 -78/RT | 1.31 94
54 | Aniline 0.98ml | 10.7 Hexane 15 | TMA 537ml 105 O/RT 1.6 90
55 | Aniline 0.98ml | 10.7 Hexane 10 | DIBAH 10.74ml 10.7 O/RT 207 82
56 | Acetonitrile 0.64 12.2 Toluene 20 | DIBAH 122ml 12.2 O/RT oil -
ml
57 | Acetonitrile 1 mi 19.1 Toluene 10 | TMA 9.57ml | 191 0/RT 211 97
Synthesis via chloramine (trichlormelamine)
58 | Trichloromelamine 1.0 4.4 THF 60 | LiAlHs | 0.496 13.1 -78/RT  2.66
59 | Trichloromelamine 1.0 4.4 Et.O 60 | LiAlH4 | 0.496 13.1 -78/RT  1.92 202
Cascade reaction with aluminum chloride, lithium alanate and amine
60 | Melamine 0.5 4.0 Et.O 60 | LiAIH4/ = 0.91/ 24.0/ O/RT 1.6
AICl3 0.79 6.0
61 Melamine 0.5 4.0 Et.O 60 | AICIs/ | 0.79/ 6.0/ O/RT 1.1
LiAlHs  0.91 24.0
62 | Melamine 0.5 4.0 Et.O 40 | AICIs/ | 0.529/ 4.0/ O/RT 1.43
LiAlHs  0.45 11.9
63 | Melamine 0.5 4.0 Et.O 60 | AICIls/ 1.057/ 8.0/ O/RT 1.54
LiAlHs  0.91 24.0
64 | Melamine 0.5 4.0 Et.O 90 | AICIs/ 1.586/ 12.0/ O/RT 1.8
LiAlHs @ 1.354 35.7
65 | Melamine 0.5 4.0 THF 60 | AICIs/ | 3.17/ 23.8/ 0/RT 2.7 221
LiAlHs | 0.91 24.0
66 | Melamine 0.5 4.0 Et.O 60 | AICIs/ | 3.17/ 23.8/ 0/RT 1.25
LiAlHs | 0.91 24.0
67 | Melamine 0.5 4.0 Et.O 60 | AICIs/ | 3.17/ 23.8/2 | RT/RT | 1.96
LiAlHs | 0.9 4.0
68 | Melamine 0.5 4.0 Et.O 60 | LiAIH4/ @ 0.91/ 24.0/ RT/RT | 1.31
AICls 3.17 23.8
69 | Melamine 0.5 4.0 Et20 130 | AICIs/  3.17/ 23.8/ O/RT 1.8
LiAlHs 2.7 711
70 | Triaminopyrimidine = 1.0 8.0 THF 90 | LiAlH4/  0.91/ 24.0/ O/RT 3.5 203
AICl3 1.07 8.0
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71 | Triaminopyrimidine = 1.0 8.0 THF 90 | AICls/  1.07/ 8.0/ O/RT 3.79 220
LiAIHs  0.91 24.0
72 | Triazine 0.5 6.2 Et20 60 | AICls/  2.47/ 18.5/ -78/RT | 2.05
LiAlHs 0.7 18.5
Salt reaction between lithium alanate and amine hydrochloride

73 | Dimethylamine 1.0 9.1 Et20 70 | LiAIH4 0.7 18.4 -78/RT | 0.5 74
hydrochloride

74 | Dimethylamine 1.72 15.7 Et20 50 | LiAIH4 1.0 26.4 -78/RT | 0.72 62
hydrochloride

75 | Trimethylamine 1.0 7.3 Et20 60 | LiAlH4  0.28 7.3 -78/RT | 0.71 74
hydrochloride

76 | Piperidine 1.0 8.2 Et20 40 | LiAlHs | 0.312 8.2 -78/RT | 0.78 83
hydrochloride

77 | Piperidine 1.5 12.3 Et20 40 | LiAlHs | 0.234 6.2 -78/RT | 0.81 87
hydrochloride

Transamination reaction (with (CH3)sNAIHz = TMAA)

78 | Melamine 0.471 3.7 Toluene 50 | TMAA 1.0 11.2 -40/RT | 0.6 76

79 | Tetramethyl- 2.5ml 14.8 Toluene 20 | TMAA 0.6 6.7 -40/RT | 0.78 31
piperidine

80 | Tert-butylamine 0.59ml 5.6 Toluene 50 | TMAA 05 5.6 -40/RT | oil -

81 3,5-Dimethylaniline  0.7ml 5.6 Toluene 50 | TMAA 05 5.6 -40/RT | oil -

82 | Aniline 0.49ml 5.6 Toluene 50 | TMAA 0.5 5.6 -40/RT | oil -

83 | 3-Picolylamine 0.57ml 5.6 Toluene 50 | TMAA 0.5 5.6 -40/RT | 0.91 120

Pyridine alane complex

The reaction of pyridine with aluminum hydride was tested with different ratios of
pyridine to alane. In the case of the molar ratio (1:1) between pyridine and alane, the
amorphous product was detected (Figure A.1). In case of molar ratio (2:1) between
pyridine and alane, crystalline and partly amorphous solid was obtained.

Intensity / a.u.

Cu-Ka A=1.5406A

* Foil and sample holder

Pyridine : 2AIH,

Pyridine : AlH,

10

20

30

40
20/°

50

60

70

Figure A.1 XRPD patterns of the product obtained after the reaction between

pyridine and alane in different ratios.

The formation of the amorphous solid can be attributed to the transfer of the

hydrogen from AlHs to the pyridine ring by forming dihydropyridine structure, where
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hydrogen can be attached to the different carbon atoms in the ring forming the mixture
of the different isomers (Scheme A.1). Similar behavior was observed when pyridine
was reacting with lithium alanate and resulted in five isomers!?'7],

N+ o /

Scheme A.1 Proposed reaction scheme of the pyridine alane formation with the
depiction of the color change of the reaction mixture.

Table A.2 Practical and theoretical elemental composition of the formed pyridine
alanes.

Ratio Elemental analysis ICP-OES
Pyridine:AlHs N C H Al
Calculated 1:1 12.72 54.54 8.24 24.50
2:1 14.73 63.14 7.95 14.18
Found 1:1 8.99 40.14 7.25 19.74
2:1 7.1 41.40 6.68 12.86

Melamine alane complex

The melamine alane is one of the investigated amines with a high potential
hydrogen storage capacity (up to 7.44 wt.-%).

NH, NH,

PN PN
N N X
| + nAH, Et,O/THF/Hexane N N
P 78°C-RT /JL\//L\
=
H2N N NH; H,oN N

Scheme A.2 Proposed reaction between melamine and alane.

*n AlH,

NH,

The obtained insoluble solid product was amorphous (Fig. A.2) independent of
the preparation method.
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Cu-Ka A=1.5406A

* Foil and sample holder

Intensity / a.u.

CeHgNg:3AIH,

*%

10 20 30 40 50 60
20/°

Figure A.2 XRPD patterns of the product obtained after the reaction between
melamine and alane.

As shown in Table A.3 the theoretical calculation of the elemental composition of
the formed product was not in agreement with the found values. The found C content
was higher than expected. The possible explanation is the presence of the solvent
fragments incorporated in the structure, which can also lead to the low N content in the
final material.

Table A.3 Calculated and found elemental composition of melaminealane.

Ratio Elemental analysis ICP-OES
N C H Al
C HeNg:AIH,=(1:1) 54.53 23.38 4.58 17.51
Calculated ~ C;HNg:AIH,=(1:2) 46.15 19.79 4.43 29.63
C HgNg:AIH,=(1:3) 40.00 17.15 4.32 38.53
Found C;HeNg:AIH,=(1:3) 16.57 36.6 6.31 31.49

Pyrazine alane complex

Solid-state NMR analysis of pyrazine alane complex showed high content of CH2
groups in the range of 10-50 ppm (Fig. A.3). The presence of different signals in the
CH:2 range could indicate the hydrogenation of pyrazine ring, cleavage of the solvent
and its incorporation to the structure (but not free solvent). The solvent cleavage and
its further complexation with Lewis base pair were already mentioned in the
literaturel219:368 Such a tendency was observed for most investigated aromatic
heterocycle amines.
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Figure A.3 Solid-state '3C NMR spectra of pyrazine alane complex synthesized
by the wet chemical synthesis with AlH3-ethereal solution.

Imine hydrogenation with alkyl aluminum hydride

Crystalline compound (4-bromobenzyl(phenyl)amino di-isobutyl aluminum) was
synthesized as described by Hatnean at el.?'l The subsequent reaction of the Al-
amide with H2 proceeds to regenerate the Al-H bond, liberating amine (Scheme A.3).
This hydrogenolysis of the AI-N bond is thought to be facilitated by elevated
temperatures by effecting dissociation of the Al-amide dimer. The monomeric form can
then interact with Hz affording the transient formation of the amine-alane adduct.
Thermal dissociation liberates DIBAH and frees the product amine.

Toluene Toluene Ph
Ph iBu 100°C/100bar Ph jBu 100°C/100bar \
\ / +H, &) 6/ +H, NH + El
N—AI S — H—N—Al—H =—= NP CA NG
/ \ -Ha / \ -H, B / iBu iBu
tBu iBu tBU iBu u

Scheme A.3 Proposed hydrogenation pathway in imines-alkyl aluminum system.

In Figure A.4 hydrogen uptake by the reaction mixture compared to the blank
measurement is shown. After subtracting the pressure drop due to dissolution of H2
(2.3 bar), the obtained pressure uptake in both cases was close to the theoretically
calculated.
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100
98 - 5ml Toluene
96 - AP=97.6-95.3=2.3bar
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88 : . - . : : : : :
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Figure A.4. Reactor pressure during the initial hydrogenation of 5 ml of solvent
(top) and 4-bromobenzyl(phenyl)amino di-isobutyl aluminum in toluene (middle and
bottom).

Liquid proton NMR showed duplet at 3.7 ppm (CH2z group) and singlet at 3.25 ppm
(NH group), thus proved that synthesis was made successful.

The synthesized alkylaminoalanenes were also tested for hydrogen uptake in the
Sieverts apparatus in the solid-state (Table A.4), no hydrogen uptake was detected.

Sieverts apparatus

The main equipment for testing of hydrogen sorption properties of synthesized
materials in the pressure range up to 1000 bar was constructed by Dr. Seidel and
M. Piller (Fig. A.5). For the investigation of the hydrogen uptake, the high-pressure
apparatus (compressor PMHP 50-1000-V2) was built. A thermocouple was used to
monitor the external temperature, and the gas pressure in the reactor was measured
using a pressure sensor (+0.05 bar). The sample holder was loaded with synthesized
material in the glove box and then attached to the apparatus. After evacuation, the
volumetric measurement with helium, to evaluate the effective volume was performed.
The hydrogenation experiment was started from 50 bar with the 50 bar step at 0 °C,
RT, 50 °C, and 100 °C.

After completing this equipment few unexpected problems appeared:

- ball valves are not in agreement with technical properties (not tight up to 1000
bar) > they were changed to needle valves;

- the absorbed amount of hydrogen was in the range of measuring error - the
filter volume was reduced;

- high-pressure measurements are highly sensitive to changes of the surrounding
temperature - the special climate control is needed,;

- the manual control of each hydrogenation step - automatization is needed.
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Figure A.
up to 1000 bar.

The aminoalanes, which were obtained in a pure form, were systematically
investigated under hydrogen pressure (Table A.4). No hydrogen uptake was observed.

e

5 Homemade Sievert's apparatus 7and' the high-pressure compressor

Table A.4. Hydrogenation experiments carried out with solid aminoalanes at 50-
1000 bar at different temperatures (0, RT, 50, 100 °C).

Aminoalanes Formula
1.  Tert-Butylaminoalane (Miilheim N/ R,
. PN N AlH
group): R,/ N\ R S r”
. . /“\ /N\ HAI N
- Dimeric form RN |
. /\ i
- Tetrameric forms W Ay
R; = CHs, Ry = CH,CH3 RN Al
Ry = CHyCHg, Ry = CH,CH; H
R1=H, Rz = C(CHa)3 Ry = C(CH3);
2.  Pyridine alane:
_ Pyridine-AlH3 ] i
- Pyridine-2AlH3 T N\Al/N
- Pyridine-AICl3 AlH, H

- Pyridine-LiAlH4
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3.  Piperidinoalanes: H pip H
S
- Piperidine-AlHs >A|\ >A<
- Piperidine-2AIH3 H pip H
- Piperidine-3AlH3

H pip pip
- Ti-doped Sa” TN

- Zr-doped pip / \ / SH
plp\ /plp\ /P'p
Al Al
/
oip \ / \pp
pip /Plp
>AI
pIp pipH
4.  Triethylanediamine: /0 N\
- TEDA with Ti-activated aluminum N/\/N_A'WI}H3
-
5.  2-Picolylamine dimethylaluminum HaC ~ CHs
H
ANTTON—AI=—N_
Hoe” CHs
6. Acetonitril-Al(CH3)s
\\T'_T/
N—Al—_
7\
7. Benzyl(methyl)amino di-isobutyl \ /iBu
aluminum (RT and 100 °C) N—AI
Ph/ iBu
8. Benzyl(phenyl)amino di-isobutyl Ph—\ /iBu
aluminum (RT and 100 °C) N—AI
/ \.
Ph iBu
9.  4-bromobenzyl(phenyl)amino di- Br—Ph—\ /iBu
isobutyl aluminum (RT and 100 °C) N—AI
Ph/ \iBu

The performed hydrogenation experiments showed that none of the investigated
aminoalanes can uptake hydrogen in a solid-state under the used conditions. It was
concluded, that the formed strong dimers or trimers are thermodynamically stable to
allow rehydrogenation. Only in one case the hydrogenation was achieved, however,
the reproducibility of the experiment was not showed, therefore it would require further
investigation. Complex synthesized via direct reaction of piperidine with Al*(Zr) was
hydrogenated in the solid-state with the addition of Zr-doped Al. The final product was
confirmed to be the composition of compounds (1) and (2) as shown in Fig. A.6,
suggesting the next hydrogenation pathway:
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3/2
pip
3

pilo\AI P

pip
+ 5/2 Al*
pipH

+9/4H, H\Al/pip\
H N

/H
Al
H
1

H\_ PPN _-PiP
Al

pip

A NZN

pip
2

H

Scheme A.4 Proposed hydrogenation pathway in piperidinoalane system.
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Figure A.6 2°Al NMR spectra of piperidinoalane (formed from direct
hydrogenation of Al*(Zr) with piperidine within 6 h) before and after hydrogenation in
the solid-state.

T
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1
100

Therefore, it was suggested that the aminoalane that can exist in a monomeric
form could be hydrogenated in the solid-state.

Autoclave reaction with activated aluminum and amine

Table A.5 Starting conditions for hydrogenation reaction of activated aluminum

and amine.

N Amine Al*(TM) Solvent P, bar T, °C Time, h
1. | TEDA AI*(Ti) THF 34.7 27 70
2. | TEDA AlI*(Ti) THF 36.9 28 86
3. | TEDA Al*(Zr) THF 36.6 28 91
4. | TEDA Al*(Zr)_BM THF 38.4 23 94
5. | TEDA Al*(Hf) THF 34.5 23 92
6. | TEDA AI*(Y) THF 36.4 25 91
7. | TEDA Al THF 35.6 35 90
8. | Pyridine Al*(Ti) THF 58.6 29 120
9. | Pyridine Al*(Ti) THF 92.5 32 67
10 | Pyrazine Al*(Ti) THF 97.6 32 89
11. | Pyrrole AlI*(Ti) Et,O 92.1 25 20
12. | Pyrrole Al*(Ti) THF 90.7 35 22
13. | Pyrrole Al*(Zr) THF 87.8 28 21
14. | Pyrrole Al*(Hf) THF 92.6 29 23
15. | Pyrrolidine Al*(Ti) THF 106 27 18

178



SUPPORTING INFORMATION

16. | Pyrrolidine Al*(Zr)
17. | Tetramethylpiperidine Al*(Ti)
18. | Piperidine AlI*(Ti)
19. | Piperidine Al*(Ti)
20. | Piperidine AlI*(Ti)
21. | Piperidine Al*(Ti)
22. | Piperidine AI*(Ti)
23. | Piperidine Al*(Zr)
24. | Piperidine Al*(Zr)
25. | Piperidine Al*(Zr)
26. | Piperidine Al*(Zr)_BM
27. | Piperidine Al*(Hf)
28. | Piperidine Al*(Y)
29. | Piperidine Al

Pyrrole alane complex

"H NMR spectrum of pyrrole (Fig.
A.7) in d-benzene shows two quartets
centered at 6.37 ppm (C-H(B)) and 6.29
ppm (C-H(C)) and a very broad triplet (N-
H(A)) from spin-spin interactions between
'H and "N at ca.7 ppm. By observing the
spectrum of the molecule dissolved in d-
benzene (Fig. A.6) N-H group was more
affected by medium effects than C-H. The
more pyrrole is diluted in d-benzene, the
shorter becomes the distance between
quartets (for 0.1 ml — 0.08 ppm, 0.3ml —
0,11ppm, 0.5ml — 0.13 ppm) in '"H NMR

spectra. Similar shifts behavior was
observed in 'C NMR. During the
investigation of the pyrrole alane

complexes, the experiments revealed that
pyrrole-alane can exist in three species
([(C4HaN)nAIH3-n]2, where n = 1, 2, 3). 2Al
NMR spectra showed signals at 135 ppm,
114 ppm, and 96 ppm for 1, 2, and 3
respectively.

THF 82.2 22 24
Et,O 102 23 27
Et.O 90.2 33 54
Et.O 99.7 23 27
Benzene 103.6 32 18
Benzene 105.1 35 15
THF 97.8 22 24
Et,O 93 23 21
Benzene 88.7 27 18
THF 76.2 25 24
THF 101.2 23 23
THF 100.4 22 24
THF 92.9 26 25
Et.O 94.8 27 22
C-H(B)
6.37| C-H(C)
6.24
(CH H(C)
/
(B)H/TNX\H@
IL(A)

N'H(A) d-benzene

7.187.16 L 0.5ml
- ) b
6.37 6.26

d-benzene N. -H(A)

7.187.12 [ ,.0.3ml
6.37| 1 6.29
d-benzene
N-H(A)
re T 0.1ml
I T T T T T T T )
8.0 7.5 7.0 6.5 6.0

8 ("H) ppm

Figure A.7 '"H NMR spectra of pyrrole
diluted in d-benzene.

Pure species were not obtained, because pyrrole-alane complexes are unstable.
Three types of doped Al* with Ti-, Zr- and Hf- additives were used, in order to find out
which species could be formed from the direct hydrogenation of Al with pyrrole. No Al
signal was detected by ?’Al NMR after synthesis with Al*(Zr), and only a small amount
of product was detected with AlI*(Hf). The successful synthesis was conducted only
with Al*(Ti) with a yield of 75 %. 2’Al NMR spectra showed (Fig. A.8) the presence of

dehydrogenated species only.
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Figure A.8 2’Al NMR spectra of the pyrrole alane (left) and pyrrolidine alane (right)
complexes.

Appendix B

Data information for crystal structure of [pip2AIH]2 (2)

Table B.1 Crystal data and structure refinement for [pip2AIH]> (2)

Moiety composition

C20 H42 Al2 N4

Empirical formula

C20 H42 Al2 N4

Formula weight 392.53

Temperature 160(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group Pbca

Unit cell dimensions a=12.5724(5) A a=90°
b =17.8509(8) A B =90°
¢ = 20.6212(10) A y = 90°

Volume 4628.0(4) A3

z 8

Density (calculated) 1.127 Mg/m3

Absorption coefficient 0.137 mm"

F(000) 1728

Crystal size 0.500 x 0.300 x 0.100 mm?3

Theta range for data collection

2.798 to 25.996°

Index ranges

-13<=h<=15, -22<=k<=22, -24<=I<=25
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Reflections collected 28952

Independent reflections 4533 [R(int) = 0.0453]
Observed reflections [I>2sigma(l)] 3403

Completeness to theta = 25.996° 99.8 %

Absorption correction Integration

Max. and min. transmission

0.9948 and 0.9365

Refinement method

Full-matrix least-squares on F?

Data / restraints / parameters

4533 /421478

Goodness-of-fit on F2

1.102

Final R indices [I>2sigma(l)]

R1=0.0473, wR2 =0.1129

R indices (all data)

R1=0.0681, wR2 =0.1216

Extinction coefficient

n/a

Largest diff. peak and hole

0.196 and -0.227 e A

Data information for crystal structure of [pip3Al]z (3)

Table B.2 Crystal data and structure refinement for [pip3Al]2 (3)

Moiety composition

C30 H60 Al2 N6

Empirical formula

C30 H60 Al2 N6

Formula weight 558.80
Temperature 160(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group PI

Unit cell dimensions

a=28.6112(9) A a = 95.138(8)°

b =8.8513(9) A B = 90.659(8)°

c=10.9777(10) A y = 108.065(8)°

Volume 791.60(14) A®

Z 1

Density (calculated) 1.172 Mg/m3

Absorption coefficient 0.121 mm-1

F(000) 308

Crystal size 0.300 x 0.200 x 0.100 mm°

Theta range for data collection

2.887 to 27.000°.

Index ranges

-10<=h<=10, -11<=k<=10, -13<=I<=14

Reflections collected

10488

Independent reflections

3419 [R(int) = 0.0387]

181




SUPPORTING INFORMATION

Observed reflections [I>2sigma(l)] 2618
Completeness to theta = 27.000° 99.5 %
Absorption correction Integration

Max. and min. transmission

0.9916 and 0.9696

Refinement method

. 2
Full-matrix least-squares on F

Data / restraints / parameters

3419/0/172

Goodness-of-fit on F2

1.050

Final R indices [I>2sigma(l)]

R1=0.0417, wR2 = 0.1006

R indices (all data)

R1=0.0638, wR2 = 0.1124

Extinction coefficient

n/a

Largest diff. peak and hole

0.304 and -0.264 e A

Formation of piperidinoalanes without applying hydrogen pressure

In the glove box, the reactants (0.55 g (20.3 mmol) of Al*(Zr), 2 mL (20.2 mmol)
of piperidine) were weighted and dissolved in 25 mL of THF in an autoclave reactor.
The reactor was sealed, removed from the glove box and connected to the pressure
sensor and thermocouple. The reaction mixture was stirred for ~24 h. The pressure
increase up to 7.5 bar was observed until ~21 h (Fig. B.1, left). After ~24 h reactor was
removed in the glove box and the sample was taken for NMR analysis. Conversion of
Al*(Zr) was 55%. The ?’Al NMR spectra of the obtained product shown in Fig. B.1
(right) revealed the formation of 2 and 3".

40
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Figure B.1 Reactor pressure during reaction of Al*(Zr) with piperidine in THF
(left), 2’Al NMR spectra of the formed product after ~24 h (right).
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Piperidinoalane

Figure B.2 shows the comparison of
the 2?Al NMR spectra recorded for the
products obtained after the syntheses
under the different hydrogen pressures.
For 2’Al NMR spectra, the quantitative
evaluation of the signal is possible. The
deconvolution of the spectra was
performed with the help of dmfit2015
program. The product composition in %
can be calculated directly from the ratios
of the percentages of the total area under
their absorption curve. For the simulation

—_~
-~
—

N
-

T,
s

-
(=3
o
o
[Y
=

20 bar of the spectra, the Gaussian/Lorentzian
200 180 160 140 120 100 model was chosen and four peaks were
& (*Al) ppm manually fitted: two for the signal for the

Figure B.2 27Al NMR spectra of the measuring glass tube (found in all NMR
products obtained after direct SPectra) and the other two for the
hydrogenation (under different pressures) ~©obtained product.
of Al*(Zr) supported by piperidine.

From the percent values obtained for the products, the correlation between
compounds 1 and 2 was calculated. As an example of the simulation, the
deconvolution of the 2’Al NMR spectra recorded for the product obtained after
synthesis under 80 bar is shown in Figure B.3.

A
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Figure B.3 The view of the dmfit program during deconvolution of the 2’Al NMR spectra
recorded for the product obtained from the direct hydrogenation of Zr-activated
aluminum with piperidine at 80 bar and room temperature within 24 h.
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The results of the simulation are summarized in Table B.3.

Table B.3 The data obtained from the simulation of the 2’Al NMR spectra of the
product obtained under the different hydrogen pressures.

Pressure, Peak number Origin of the % of the total % of the product
bar peak area area
20 bar 1 NMR tube 36.52 -
2 NMR tube 26.41 -
3 Compound 2 15.69 42
4 Compound 1 21.38 58
40 bar 1 NMR tube 31.51 -
2 NMR tube 34.44 -
3 Compound 2 12.52 37
4 Compound 1 21.52 63
60 bar 1 NMR tube 38.03 -
2 NMR tube 31.85 -
3 Compound 2 11.80 39
4 Compound 1 18.32 61
80 bar 1 NMR tube 37.58 -
2 NMR tube 20.66 -
3 Compound 2 10.14 24
4 Compound 1 31.62 76
100 bar 1 NMR tube 22.27 -
2 NMR tube 37.59 -
3 Compound 2 14.94 37
4 Compound 1 25.20 63
Appendix C
TiH> addition to NaAlH4
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Figure C.1 The PCI curves for the 10 mol% TiH2 doped NaAlH+ measured at 200 °C.
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The PCI curves measured at a lower temperature than 200 °C did not show any
distinguishable pressure plateaus.

Influence of the waiting time on the hydrogen storage capacity

The time given to the system to reach the equilibrium (for 2 mol% TiCls doped
NaAlHs4 sample) was varied from 30 min, 2 h, and 5 h (Fig. C.2). With the increase of
the waiting time, first, hysteresis decreases, and second, the amount of absorbed
hydrogen increases. Even with the long time given to the system to equilibrate the
equilibrium was not reached. The increase of absorbed hydrogen amount only was
observed for the second hydrogenation step. Consequently, the second hydrogenation
step (NasAlHs — NaAlH4) is the rate-limiting step. The slow kinetics of hydrogenation
is probably the reason why the full storage capacity was not attained.

180
1 30min .
1604 - 2h /4 /'\
11— IIL
140 - oh ' ;/ 1
E . u ‘
120 - Abs. ‘ /_/_ i
1 " u [
= 100 - e
o 1 i iy
E 80__ --I l//
60 - . f/
] '] Des.
40 _ .-ﬁ'
20- /-./ "
N .

00 05 10 15 20 25 30 35 40
wt.-% abs. H,
Figure C.2 PCI curves measured at 160 °C for 2 mol% TiClz doped NaAlHa.

Calculated theoretical hydrogen storage capacity

The uncertainty in the theoretical hydrogen storage capacity calculated by
different groups could arise from the performed calculation of the molar mass of the
investigated composites. The middle molar mass calculated by Streukens et al.[?%8] for
the sample obtained after ball milling of sodium alanate with the TiCls was calculated
as a mole fraction:

M, =1 —-y) -M(NaAlH,) + y-M(TiCl;)

However, in the PhD work of Streukens[®33 was mentioned, that the mole
percentage of added TiCls was not referred to the total amount of the sample (in the
case of molar fraction) but to the amount of sodium alanate. Thus, in this case, the
middle molar mass should be calculated as follows:

M, = M(NaAlH,) +y - M(TiCl3)

In Table C.1 results for these both cases are compared. The notable difference

appears at the higher amount of the TiCls in NaAlH4.
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Table C.1 Dependence of the theoretical hydrogen storage capacity on the
dopant content in TiCls-doped NaAlH.a.

wt.-% H2 Middle wt.-% H2 Middle wt.-% H2
TiCls molar mass molar mass
M+ M2
mol%  Streukens!3%3] g/mol calculated g/mol calculated
0 5.60 54.00 5.60 54.00 5.60
0.5 5.42 54.50 5.46 54.77 5.44
2 5.04 56.00 5.08 57.08 4.98
4 4.55 58.00 4.59 60.17 4.42
10 3.28 64.01 3.31 69.41 3.05
17.5 1.99 71.51 2.01 80.96 1.77
25 0.95 79.01 0.96 92.51 0.82
33.333 0.00 87.35 0.00 105.35 0.00

Hydrogen sorption behavior of Pd powder

The calculated amount of absorbed hydrogen is 0.6 wt.-% H2, the measured

value was 0.53 wt.-% Ho.

3 -
—m=— calculated
1 —=— measured

Des.

0.4 0.5

0.2

0.3 0.6
H/Pd

Figure C.3 PCI measurement at 160 °C for Pd powder.

Volume change during hydrogen sorption of NaAlH4

Table C.2 Properties of the investigated materials.

Compound Molar mass Density Volume

M, g/mol D, g/cm? V, cm¥/mol
NaAlH4 54.00 1.27 42.52
a-NasAlHs 102.00 1.48 68.79
NaH 23.99 1.396 17.18
Al 26.98 2.7 9.99
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3 NaAlH4 — a-NasAlHs + 2 Al + 3 H2(g) ArRV=-38.79 cm®/mol (-12.93 cm®/mol NaAlHa)
a-NasAlHe — 3 NaH + Al + 1.5 H2(g) ArV=-7.24 cm®mol (-2.42 cm3/mol NaAlHa)
NaAlHs — NaH+AI+1.5 H2(g) ARV=-15.35 cm3/mol (-15.35 cm3mol NaAlH4)

These calculations indicated that the volume change during dehydrogenation
reaction will reach 36.1 %, this could influence significantly the effective volume
determine from the calibration with the helium gas. However, the experiments with the
measuring of the effective volume before the dehydrogenation and after did not show
significant difference. For 10 mol% TiCls doped sodium alanate sample:

1. Before dehydrogenation of NaAlH4: Ve = 2.8261 ml
2. After dehydrogenation of NaAlH4: Ve = 2.8453 ml

The volume change AVe = 0.0192 ml was less than one percent (0.68%). Thus,
it concluded that the volume change does not have an influence on the total absorbed
hydrogen amount.

Thermodynamic calculation of the influence of Al addition

In order to explain the positive influence of Al addition, it is necessary to assume
the formation of a stable AlsTi phase and Al-Ti phase in which Al content is larger than
that in AlsTi. For the simple thermodynamic modeling two limit states can be assumed:

1. Formation of a solid solution of Ti in Al. The description is made following the
laws of mixed-phase thermodynamics, assuming ideal behavior, the enthalpy of mixing
is zero and the entropy of mixing is determined by the statistical distribution of Ti in Al.

2. Formation of A-rich compound. For the calculation, the composition of
Alo.ssTio.15 was assumed.

For thermodynamic modeling TiCls content of 0.1 mol / 1 mol NaAlH4 and the
addition of 0.27 mol Al / 1 mol NaAlH4 was assumed.

In the first case (Fig. C.5, left) the resulting relationship between hydrogenation
pressure and hydrogen content at T = 160 °C is shown.
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Figure C.4 Predicted influence of 27 mol% Al addition to 10 mol% TiClz doped
NaAlH4 on the hydrogen storage properties: PCI curve at 160 °C for the predicted Al3Ti
phase (left) and for Alo.s5Tio.15 phase (right).
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The difference in the hydrogen content (Fig. C.5, left) results only from the
reference to different masses: 69.41 g/mol without Al and 76.70 g/mol with Al, i.e. the
addition of Al has no effect on the hydrogen capacity, especially if the stable compound
AlsTi was formed. Deviations occur with respect to the equilibrium pressures. If AlsTi is
formed, a slight increase of the second plateau (NasAlHs — NaAlH4) was observed.

The second case suggests the formation of irreversible Alo.ssTio.15 phase, so that
there is a deficiency of Al for the second hydrogenation step. In Figure C.5 (right) the
hydrogenation isotherms at T = 160 °C for 10 mol% TiCls doped NaAlH4 with/without Al
additive (27 mol%) are demonstrated. The calculations showed the positive influence of
Al addition on the second hydrogenation step, so the lack of free aluminum was fulfilled.

Influence of aluminum addition

The sample with an additional 66 mol% of aluminum didn't improve the hydrogen
storage capacity of 10 mol% TiCls doped NaAlH4 sample, compared to the samples
with lower aluminum content (Fig. C.5).
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Figure C.5 The PCI curves for the sodium alanate samples with 10 mol% TiCl3
and additional aluminum measured at 160 °C.

HP-DSC data for TiCl: doped NaAlHs samples

Table C.3 Dependence of the dehydrogenation temperature of 15 mol% doped
NaAlH4 from the pressure.

Onset temperature, °C

Pressure, bar T T Toaee
250 183.5 252.2 301.4
200 184.3 252.3 300.2
150 179.6 252.3 298.8
120 179.3 252.7 291.8
100 167.4 252.6 281.6
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70 149.8 252.8 261.3
50 136.2 253.5 253.5

Table C.4 Equilibrium pressures and temperatures for the samples with 10 mol%
and 15 mol% TiClz doped NaAlH4.

Additive content Peq, bar Teq) °C
1 step 2 step
10 mol % TiCls 49.8 126.99 241.84
99.45 163.68 275.91
148.5 183.93 298.47
15 mol % TiCls 50.34 136.18 247.55
70.36 149.76 261.28
99.78 167.42 281.59
119.64 179.26 291.81

The equilibrium temperature at 200 bar for 10 mol% TiClz doped NaAlH4 was not
taken for the calculation of the reaction enthalpy and entropy, as the temperature for
the first dehydrogenation step appears together with the melting point.

Reproducibility of HP-DSC measurements
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Figure C.6 HP-DSC plots for 10 mol% TiClz and 51 mol% Al-doped NaAlH4
measured at 150 bar with the different heating rates.
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Figure C.7 HP-DSC plots for 10 mol% TiCls and 66 mol% Al-doped NaAlH4
measured at 150 bar with the different heating rates.
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