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Abstract

The limited resources as well as the high emission of greenhouse gases and pollutants 
during the combustion of fossil fuels are serious concerns and require the development of alternative 
energy carriers, such as hydrogen. One of the major challenges for the implementation of hydrogen
is its safe and reliable storage. One possible option is the chemical storage in metal hydrides. 
Many metals react exothermically with hydrogen to form a hydride, the release of 
hydrogen requires therefore a supply of heat and can thus be controlled. At present, no single metal
hydride fulfils all the requirements on storage capacity, sorption temperature and reaction 
enthalpy at the same time. A breakthrough was achieved by the development of the Reactive 
Hydride Composites (RHC). The principle is based on a reduction of the overall reaction 
enthalpy by an additional exothermic reaction between two hydrides during the endothermic 
desorption reaction. An example for such a composite system is the reversible system 
of 2LiBH4 + MgH2 ↔ 2LiH + MgB2 + 4H2, which was investigated in detail in the present work. 
From the heat of formation of the participating compounds a reaction enthalpy of -46 kJ/mol H2
is deduced. This leads to an estimated equilibrium temperature at 1 bar hydrogen of 170°C. 
Experimental results are only obtained at elevated temperatures due to kinetic limitations. 
Under the applied conditions for the desorption reaction of 5 bar Hydrogen and 400°C the 
composites reveal a two-step reaction mechanism which is unfavourable for application. The
absorption reaction is proposed to be single-step and takes place at moderate temperatures and 
pressures of 50 bar hydrogen and 250°C.

By application of multiple experimental techniques such as High-Pressure DSC, in- and ex-situ
XRD and volumetric measurements a broad overview on the thermodynamic and kinetic 
properties of the ongoing reactions was established. A strong dependency of the reaction 
mechanism on the experimental conditions was observed and characterized.

The reaction times were reduced by one order of magnitude to approximately 1.5h by addition of
transition-metal based additives. For a better understanding of the mechanism and effect 
of the additives anomalous small angle scattering as well as X-ray absorption spectroscopy was 
performed exemplary for Zr-based additives. From these measurements information on the 
chemical state as well as size and distribution of the additives was obtained. For these additives a 
formation of Zr-boride in the size range of few nanometers was observed. First TEM 
investigations support this conclusion and indicate a location of the additives in the grain 
boundaries of a homogenous matrix. These results indicate a strong contribution of the 
additives on nucleation and grain refinement of the reaction products.

The investigations have contributed to the understanding and clarification of the reaction  mechanism
and improved the kinetics of the sorption reactions significantly. Furthermore, the substantial effect
and mechanism of transition-metal based additives in RHC was investigated in detail.



LiBH4–MgH2 Komposite für die Wasserstoffspeicherung

Zusammenfassung

Die zunehmende Knappheit fossiler Energieträger sowie die Klimabelastung durch die 
Verbrennung dieser Brennstoffe erfordern die Nutzung regenerativer Energiequellen und die 
Entwicklung alternativer Energieträger, wie z.B. Wasserstoff. Eine wesentliche Herausforderung
für die Verwendung von Wasserstoff ist die zuverlässige und sichere Speicherung. Eine 
Möglichkeit ist die chemische Speicherung in Metallhydriden, da viele Metalle exotherm 
mit Wasserstoff zu einem Hydrid reagieren und den Wasserstoff entsprechend nur unter 
Zufuhr von Wärme, also kontrollierbar, wieder freigeben. Allerdings erfüllt derzeit kein 
Metallhydrid alle Bedingungen an Speicherkapazität, Sorptionstemperatur und Reaktions-
enthalpie gleichzeitig. Einen wissenschaftlich-technischen Durchbruch stellen deshalb die
reaktiven Hydridkomposite dar.  Sie basieren auf der Verringerung der Reaktionsenthalpie 
durch eine exotherme Reaktion zwischen zwei Hydriden während der endothermen Desorptions-
reaktion. Ein Beispiel für ein derartiges Hydridkompositsystem ist das in dieser Arbeit untersuchte
2LiBH4 + MgH2 ↔ 2LiH + MgB2 + 4H2 System. Die aus den Bildungsenthalpien der beteiligten
Anfangs- und Endprodukte berechnete Reaktionsenthalpie beträgt -46 kJ/mol, woraus sich eine
Gleichgewichtstemperatur von ca. 170°C bei 1 bar Wasserstoff ergibt. In der Praxis laufen die
Reaktionen aufgrund von kinetischen Barrieren allerdings nur bei deutlich höheren Temperaturen
ab. Zudem zeigt die Desorptionsreaktion unter den verwendeten Reaktionsbedingungen von 5 bar
Wasserstoff bei 400 °C ein zweistufiges Verhalten, welches ebenfalls ungünstig für die Nutzung ist.

Durch die Verwendung einer Vielzahl von Untersuchungsmethoden wie Hochdruck DSC, in- und
ex-situ XRD und volumetrischen Messungen unter vergleichbaren Bedingungen wurden Thermo-
dynamik, Kinetik und Ablauf der Sorptionsreaktionen umfassend charakterisiert. Es wurde
nachgewiesen, dass der Reaktionsmechanismus und die vermuteten Zwischenschritte stark von
den gegebenen experimentellen Bedingungen abhängig sind.

Durch den Zusatz übergangs-metallbasierter Additive konnte die Reaktionszeit um eine 
Größenordnung auf 1,5 h verringert werden. Zum besseren Verständnis ihrer Wirkungsweise 
wurden anormale Kleinwinkelstreuung und Röntgen-Absorptionsspektroskopie am Beispiel von
Zr-basierten Zusätzen durchgeführt. Hieraus wurden Erkenntnisse über ihren chemischen Zustand
sowie Größe und Verteilung gewonnen. Für diese Zusätze konnte die Bildung von nanoskaligen
Zirkonboriden in der Größenordung von wenigen nm beobachtet werden. Die Ergebnisse deuten
daraufhin, dass eine wesentliche Funktion der Zusätze in der Keimbildung und Kornfeinung der
Reaktionsprodukte zu finden ist. 

Die Untersuchungen haben einen wesentlichen Beitrag zur Aufklärung des Reaktions-
mechanismus sowie zur Wirkungsweise Übergangsmetall basierten Additiven in reaktiven
Hydridkompositen geleistet und die Reaktionskinetik signifikant verbessert.

Manuscript received / Manuskripteingang in TFP:  30. Juli 2009
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1 Introduction

At present, the supplied energy originates mostly from fossil fuels such as coal, oil
and gas which are both, source as well as carrier of energy. Their high emission of
greenhouse gases and pollutants during combustion as well as their limited resources
are serious concerns and require the development of alternatives.
Hydrogen is a promising energy carrier for mobile applications because of its high

energy content. Conversion of hydrogen into power leads only to water vapor as a
final product. Greenhouse gases and pollutants are not emitted during this process.
Modeling of atmospheric changes including an implementation of hydrogen fuel cell
vehicles indicate a reduction of climate forcing [1], even if the hydrogen is produced
from fossil fuels such as natural gas because of the higher well to wheel efficiency
compared to conservative vehicles [2].
For implementation of hydrogen as a fuel, its production, transportation, storage

and reconversion into power have to be managed. Hydrogen can be produced from
fossil fuels or from renewable energy sources either directly or indirectly. Reconver-
sion into power is achieved by sophisticated fuel cells or combustion engines. One
of the major problems is the transport and storage because of the low explosion
level of hydrogen and the high requirements on the system weight and density.
Hydrogen can be stored in gaseous, liquid or chemically-bound form.
The major drawback of gaseous hydrogen is its low density at ambient conditions.

Pressurization up to 700 bar increases the density but poses high requirements on
the tank design and thus, the system weight capacity is lowered to approximately
5wt%. Since this is the highest achieved value in practical applications at present,
it sets the benchmark.
Liquefaction consumes already one third of the energy content of hydrogen be-

cause the boiling point of hydrogen is at 20K. These low temperatures lead to
boil-off losses despite good insulation. Because these losses can be kept small for
large amounts and stationary tanks, these are favored applications for liquid hy-
drogen with its high density.
An alternative that avoids the so far described problems is chemical storage.

Hydrogen can be adsorbed on large surfaces such as high-surface-area-activated-
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1 Introduction

carbons or carbon-nanotubes. The covalent bonding in the hydrogen molecule
leads to a small interaction with the adsorbent. Reasonable storage capacities
above 5wt% are only obtained at cryogenic temperatures, thus similar problems as
for liquid hydrogen have to be managed.
Hydrogen interacts strongly with metals to form a hydride phase. By storage in

metal-hydrides, the hydrogen reaches high volumetric densities. In most cases, en-
ergy has to be provided to release the hydrogen again, thus creating a safe storage.
But the well known transition-metal-hydrides are not suitable for mobile applica-
tions, due to their high atomic weight the storage capacities are only in the range
of 1-2wt%.

1.1 Hydrogen storage in metal hydrides for mobile
applications

Essential for a highly efficient storage system is the combination of high gravimetric
hydrogen capacities above 6wt% with a desorption pressure of several bars in the
temperature range of 80-120 °C, because then the waste heat of a standard Proton
Exchange Membrane (PEM) fuel cell can be used to release the hydrogen from
the hydride. These are the widely accepted targets for hydrogen storage in mobile
applications, e.g., by the United States Department of Energy (US-DOE) [3]. In
theory, the sorption temperatures and pressures are only determined by the reaction
enthalpy, but in practice the reaction kinetics can have a significant influence. High
reaction enthalpies are not only unfavorable due to the higher desorption temper-
atures but also during the absorption reaction because of the large amount of heat
that has to be removed, thus posing high requirements on the heat management.
High reaction rates are crucial for application, but they can be influenced through
the microstructure of the metal hydride and by the addition of suitable catalysts.
At present, no single metal hydride fulfills all the requirements at the same time.
The formation of alloys or intermetallic compounds are well known methods of

thermodynamic tuning for metal hydrides since the pioneering work of Libowitz
et al. [4]. They observed much higher desorption pressures of the ternary hydride
ZrNiH3 compared to the binary ZrH2 at the same temperature. The change in
thermodynamic properties due to the formation of an intermetallic phase in the
desorbed state was investigated by Reilly and Wiswall [5, 6] for the Mg-Cu-H sys-
tem, where intermetallic Mg2Cu forms upon desorption. Mg-Ni-H is another well
explored system in which a ternary hydride, Mg2NiH4, forms. Both systems have
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1.1 Hydrogen storage in metal hydrides for mobile applications

reduced reaction enthalpies in comparison to pure MgH2 and therefore show higher
desorption pressures at the same temperature. MgH2 is a preferable material due
to the high gravimetric storage capacity and the availability of Mg, but addition of
transition metals, e.g., nickel or copper reduces the gravimetric storage capacity sig-
nificantly. Pure MgH2 was investigated in detail and a breakthrough was achieved
for the sorption kinetics by the addition of transition-metal-oxide catalysts [7, 8].
However, the thermodynamic properties of the material remained unchanged and
its equilibrium pressure of 1 bar hydrogen at approximately 300 °C is unsuitable for
practical applications. Extensive theoretical and experimental studies for ternary
and quaternary hydrides with Mg were performed, but no suitable system was found
so far [9, 10].

To overcome the drawback of the reduced gravimetric capacities of the multinary
systems, the Reactive Hydride Composites (RHC) were recently developed [11–14].
In these, a chemical reaction between two or more hydrides lowers the overall reac-
tion enthalpy while the gravimetric hydrogen storage capacity remains high. This
concept is illustrated in figure 1.1. The new compound can be MgB2, for example,
formed by the exothermic reaction between a light metal borohydride and MgH2.
Reversible sorption reactions forming a boride upon desorption were observed for,
e.g., LiBH4−MgH2, NaBH4−MgH2, Ca(BH4)2−MgH2 and LiBH4−Al composites,
but the kinetics are slow and the details of the ongoing sorption reactions are not
known [12, 14–16]. Theoretical estimations show promising reaction enthalpies for
these composites, leading to suitable desorption pressures and temperatures for
mobile applications combined with high gravimetric storage capacities [16,17].

Figure 1.1: Schematic drawing of the concept of Reactive Hydride Composites
(RHC)
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1 Introduction

1.2 Scope of the work
In the present work, 2 LiBH4+MgH2 ←→ 2LiH+MgB2+4H2 composites are investi-
gated in detail. This system shows a reversible hydrogen capacity of approximately
10.5wt% and a theoretically assessed reaction enthalpy of 46 kJ/mol H2, leading to
an estimated equilibrium temperature of 170 °C at 1 bar H2 [14,17]. Before the start
of this work, little was known about the detailed reaction mechanism and the rate
limiting processes, but this knowledge is fundamental for directed improvement of
the reaction kinetics. Therefore, investigations on kinetic and thermodynamic prop-
erties and processes by means of (high-pressure) -differential-scanning-calorimetry,
volumetric measurements and powder X-ray diffraction is one aim of the present
work.
Transition- and light-metal based additives have a large beneficial effect on the

reaction kinetics of the RHCs similar to the well known effect on the light metal
hydrides MgH2 and NaAlH4 [7, 8, 18]. With the aim to discover the mechanism
and function of the additives, their influence on the sorption kinetics is described
in a phenomenological approach by volumetric measurements in a Sievert’s type
apparatus as a first step. In a second step the chemical state as well as size and
distribution of Zr-based additives is studied exemplarily in more detail by X-ray
absorption spectroscopy and anomalous small angle X-ray scattering(ASAXS). In
a third step, confirmation of the observations by ASAXS and general knowledge of
the microstructure are addressed by transmission electron microscopy (TEM). With
this comprehensive understanding of chemical state, size, distribution and effect
on the sorption kinetics a possible mechanism for the function of the additives
is proposed. The present work contributes to the understanding of the ongoing
reactions and the mechanisms of the additives which is mandatory for tailored
composites with optimized reaction kinetics.
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2 Experimental – materials and
methods

In the following section, a short overview of the applied preparation and measure-
ment techniques and parameters is given. Advantages as well as drawbacks of the
methods are discussed.

2.1 Materials
The Reactive Hydride Composite system LiBH4−MgH2 as well as its hydrogena-
tion and dehydrogenation reactions 2 LiBH4 + MgH2 ←→ 2LiH + MgB2 + 4H2 are
characterized kinetically, thermodynamically as well as by structural methods for
the first and further sorption cycles. Because the initial conditions are well defined
a special focus is put on the first desorption reaction with and without additive.
During cycling, the reaction is not always complete and residual materials may
influence the reaction. This is distracting and may be misleading when analyzing
the reaction mechanism. A variety of transition metal based compounds such as
chlorides, borides, isopropoxides and oxides are used as additives, but also the ef-
fect of adding final reaction products (MgB2, LiH) is investigated. The materials
used in the present study are purchased from commercial suppliers (Alfa Aesar or
Sigma Aldrich) with the highest available purity. For better comparison of the
composites, a series of experiments is performed with the materials of one produc-
tion charge. This is especially important for the initial LiBH4−MgH2 composites,
because LiBH4 was only available with 95% purity and these composites show a
variation of the sorption behavior with different production charges.

2.2 Sample preparation by high-energy ball milling
All investigated materials are prepared by high-energy ball milling using a Fritsch
P5 or a Spex8000 Shaker mill. For all preparation hardened stainless steel vials
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2 Experimental – materials and methods

and milling balls are used. Unless noted otherwise, the ball to powder ratio is 10:1
and the MgH2 is pre-milled with the final amount of balls, prior to adding LiBH4

and additive. All milling experiments and handling of samples and materials are
performed under continuously purified argon atmosphere in a glove box to protect
the samples from oxidation. However, as a slight change in the sorption behavior
of the composites is observed with storing time, the characterization is performed
as close to preparation as possible.

2.3 Sample characterization by electron microscopy

The microstructure of as milled and cycled samples is characterized by electron
microscopy. All samples are prepared at GKSS and selected samples are sent out
for characterization to collaborating institutes. The scanning electron microscope
(SEM) images are obtained at GKSS. The prepared powders are mounted on con-
ductive carbon stickers under argon atmosphere. Short exposition to air could not
be avoided during the transfer to the microscope. Transmission electron (TEM)
micrographs are obtained in cooperation with Ms. Emilie Deprez and Prof. Asun-
cion Fernández Camacho at the Instituto de Ciencia de Materiales de Sevilla, Spain
with a Philips CM 200 (figures 3.6, 3.7, 3.8 and 3.31(b)). Here, selected samples are
mounted in emulsion with toluol to the copper-grid sample carriers. The details are
given in [19]. Analysis of the chemical composition of the phases is addressed by
energy dispersive X-ray spectroscopy (EDX) and electron energy loss spectroscopy
(EELS). Only Mg and possible additives or O-impurities as well as the transition
metal based additives can be detected by EDX. Identification of B is possible by
EELS. But both, Li and H cannot be detected by either method due to their low
atomic number. The samples are mounted in emulsion with toluol to the sample
carriers, but always significant amounts of oxygen are measured in the samples.
The formation of MgO and Li2O is observed by diffraction. The samples are only
partially stable under the beam, decomposition of MgH2 to metallic Mg can be ob-
served. Further high-resolution TEM investigations with a FEI Tecnai instrument
on the samples are performed in cooperation with Dr. Dietrich Häußler and Prof.
Wolfgang Jäger at the Christian Albrecht University in Kiel, Germany (figure 3.2).
Here, the powder samples are mounted on carbon coated copper grids under argon
atmosphere and mounted on the sample carrier and the microscope under ambient
conditions. Short exposition to air could not be avoided for these measurements.
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2.3 Sample characterization by electron microscopy

However, these investigations are limited to particle edges and very small parti-
cles. To overcome this drawback, uniformly thin slices are cut out of the particles by
a focused ion beam (FIB) to be further investigated by TEM. These measurements
are performed on selected samples in collaboration with Prof. Kyu Hwan Oh and
Mr. Ji Woo Kim from the Seoul National University and Prof. Young Whan Cho
and Dr. Jae-Pyoung Ahn from the Korean Institute of Science and Technology,
Korea (figures 2.1, 3.3, 3.4, 3.32, 3.33, 3.34 and 3.35).

The preparation process in the FIB is illustrated in figure 2.1. Prior to sectioning
a protective layer of Pt is deposited on center part of the particle, as illustrated
by figure 2.1 (a). Cutting of the particles is performed with 30 keV Ga+ ion beams
from the back and front, leading to a thin sample slice, see figure 2.1 (b). This
sample slice is then further cut out and further thinning to a final thickness of 50-
90 nm is performed by milling parallel to the cross sectional plane, the final state is
illustrated in figure 2.1 (c). This slice is then mounted on a copper grid and then
transported to the TEM under inert conditions using an Ar filled glove bag. Up to
now, investigations on as milled LiH−MgB2 composites and as milled LiH−MgB2

composites with 10mol% ZrCl4 was performed, but further experiments on cycled
samples are in progress. Details on the instruments and measurement parameters
are given in [20].

(a) Pt deposition (b) cross-sectioning (c) final thinning

Figure 2.1: Sequence of cross-sectional TEM sample preparation by FIB: (a) depo-
sition of a Pt protective layer, (b) after cross-sectioning and (c) after
final thinning.
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2 Experimental – materials and methods

2.4 Kinetic characterization

The reaction kinetics of the materials are measured in a volumetric Sievert’s ap-
paratus designed by HERA Hydrogen Systems. If not noted otherwise, the mea-
surements for the desorption reaction are performed by heating to 400 °C and then
keeping the sample isothermal until the end of the reaction. A back-pressure of
5 bar hydrogen is applied. To minimize the pressure change during the reaction,
an additional volume of 1 l size is used. Standard conditions for the absorption
reaction are 350 °C and 50 bar hydrogen. The measurement principle is based on
the measurement of the pressure difference between the sample and a reference.
Sample and reference-container are of identical design and are kept under identi-
cal conditions. For analysis, the change in pressure on the sample side due to the
absorption or desorption reactions is converted into hydrogen content by weight
percent using the ideal gas law. To minimize influences from surroundings, the
main volume of the gas is kept at 40 °C.

2.5 Thermal analysis

The thermodynamic properties are investigated by differential scanning calorimetry
(DSC) under flowing argon atmosphere as well as under hydrogen atmosphere. All
instruments are placed in dedicated glove boxes. Thus oxidation of the samples
prior and during the measurement is prevented. For sample containers, Al2O3

crucibles and lids provided by Netzsch are used. In the investigated temperature
range of 20-500 °C no reaction with the sample material is observed.

2.5.1 Simultaneous thermal analysis and mass spectroscopy

Simultaneous DSC, thermogravimetry and mass spectroscopy of the exhaust gas is
obtained using a Netzsch STA 409 C and a Hiden HPR-20 QIC mass spectrome-
ter. The gas transfer takes place through a heated glass capillary of approximately
2m length. If not otherwise specified the heating rate is 5K/min, the argon flow
150ml/min and the maximum temperature 470 °C. With this apparatus, only the
desorption reaction can be investigated since the measurements take place under
1 bar argon. Due to the violent desorption reaction of LiBH4 the maximum tem-
perature is set to 480 °C for the composites and a high argon flow was used to
transport the released gases.
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2.6 Analysis with X-rays

2.5.2 High-pressure differential scanning calorimetry

For thermodynamic investigations on the reversible reactions of the composites,
Netzsch DSC 204 HP Phoenix high-pressure DSC instruments are used. These
measurements were performed at the Leibniz Institute for Solid State and Materials
Research Dresden (figures 3.12, 3.19 and 3.43) or at the Helmut-Schmidt-University,
Hamburg (figures 3.17 and 3.20). The standard hydrogen back pressure is 3 bar
hydrogen for the desorption reaction and 50 bar hydrogen for the absorption. The
apparatus work in dynamic mode, i.e. keeping the hydrogen pressure constant
for the entire temperature range. The comparability of the dynamic conditions in
the DSC and the isothermal static conditions in the Sievert’s apparatus will be
discussed in chapter 4.

2.6 Analysis with X-rays

X-rays are a powerful tool to investigate materials, they can be used to obtain
information on, e.g., crystal structure, microstructure and chemical states. Basic
characterization of the materials is obtained by laboratory X-ray diffraction. With
the high intensity of the synchrotron sources, measurement times are short and
in-situ investigations of the sorption reactions at non-ambient conditions are possi-
ble. In the following, the methods and parameters applied for the present work are
described. A more fundamental background is given for the small angle X-ray scat-
tering (SAXS) with a focus on anomalous small angle X-ray scattering (ASAXS).
Measurement parameters and analysis procedure are described in detail. A short
introduction to X-ray absorption spectroscopy (XAS) is given for the X-ray absorp-
tion near edge structure (XANES) measurements. Measurement parameters and
analysis procedures are described with respect to samples with Zr-based additives.

2.6.1 Laboratory X-ray diffraction

For laboratory X-ray diffraction (XRD) a Bruker D8 Advance X-ray diffractometer
or a Siemens D 5000 with Cu Kα radiation (λ =1.5418Å) is used. The powders are
protected from oxidation by Kapton film and measured in symmetrical reflection
mode. The diffraction peaks give information on the phases present in the sample
and their state. From the full width at half maximum (FWHM) of the diffraction
peaks, an average crystallite size can be estimated by use of the Scherrer formula [21]
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2 Experimental – materials and methods

t = 0.9 · λ
β · cos θ (2.1)

where t is the thickness or diameter of the crystallites, λ the wavelength, β the
FWHM in radians and θ half of the diffraction angle.

2.6.2 In-situ XRD at the synchrotron (MAX-lab and ESRF)

In-situ XRD measurements are performed in transmission mode at the I711 of
the MAX-lab, Lund, Sweden [22] and at the Swiss Norwegian Beamline (BM01B)
of the European Synchrotron Radiation Facility (ESRF), Grenoble, France. The
samples are mounted into single crystal sapphire tubes under inert conditions in
an argon filled glove box. At I711, the diffracted intensity is measured using a
MAR 165 charge coupled device (CCD) plate detector with a typical wavelength
of the radiation around 1Å. The schematic setup used at I711, MAX-lab, is shown
in figure 2.2. The sample is heated by a tungsten wire below the capillary and
the temperature is controlled by an external proportional-integral-derivative (PID)
regulator by a thermocouple inserted into the powder-bed. High-resolution powder
diffractometry at the BM01B, ESRF, is performed in a similar setup using six
counting chains with an offset of 1° and then averaging over all detectors.
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Figure 2.2: Schematic setup of the in-situ XRD setup at I711, MAX-lab, Lund

Pressures up to 150 bar hydrogen and temperatures up to 500 °C can be applied
in the experimental setup at I711, MAX-lab and temperatures up to 600 °C and
pressures up to 15 bar hydrogen are used at the BM01B, ESRF.
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2.6 Analysis with X-rays

A quantitative analysis of the diffraction patterns in relation to time and temper-
ature allows conclusions on the reaction mechanism and the reaction kinetics. The
evolution of the crystallite sizes during the reactions can also be analyzed using the
Scherrer formula (equation 2.1).
A short discussion of the accuracy of the temperatures during the experiments

is necessary, because both experimental setups show errors in the temperature de-
tection up ±50K. The error is not systematic but varies with the location of the
thermocouple during each experiment. At I711, MAX-lab, the thermocouple is in-
tegrated into the capillary and it is also used to regulate the oven. The temperature
controller allows for fluctuations around ±10K. But during the experiments, the
observed decomposition temperatures show a disagreement of up 50 °C to to the
known equilibrium temperatures.
At the BM01B, ESRF, the thermocouple is not integrated in the capillary, the

deviation from the furnace temperature was measured at each temperature level
manually approximately at the position of the beam. A large spatial variation
of the temperature was noticed. Small deviations in the measuring position of
the thermocouple lead to large variations in the recorded temperature of about
10-15 °C.
The influence of the high-flux photon beam at the synchrotron on the sample

temperature shall be addressed shortly. At a wavelength of 1Å, the photon beam
has an energy of approximately 12 keV. This corresponds to approximately 0.2mW
for the incident beam. At this energy, LiBH4−MgH2 composites have an absorption
length of approximately 2.16mm and absorb therefore up to of 30% of the beam
energy in the used capillaries, this would correspond to 0.06mW. According to
Q = m · cp · ∆T , where Q is the amount of energy in J, m the sample mass with
approximately 1mg, cp the heat capacity of the material, here assumed to take
a value between 1 and 5 J/(mg · K) and ∆T the rise in temperature in K; the
corresponding energy in one minute of 3.6mJ could lead to a rise in temperature of
0.5 to 4K, assuming that all photons go through the sample and all absorbed energy
is converted to heat. These estimations show, that the temperature influence from
the energy input of the photon beam is negligible small.

2.6.3 Small-angle X-ray scattering

Microstructural characterization of the investigated materials by standard tech-
niques such as electron microscopy is challenging due to the nature of the materials
as already pointed out in section 2.3. The hydrides are usually not stable under
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2 Experimental – materials and methods

the electron beam. Light elements such as Li and B cannot be detected by stan-
dard energy dispersive X-ray spectroscopy (EDX) and the nanostructural/partially
amorphous state of the samples makes high resolution imaging difficult. Nonethe-
less, information on the microstructure and phase distribution of the hydrides as
well as the additives is crucial for understanding the materials behavior and solving
the observed kinetic problems.
Besides electron microscopy, small angle scattering (SAS) with neutrons (SANS)

or X-rays (SAXS) are well known tools to characterize the nanostructure of a mate-
rial. The methods are complementary to electron microscopy as SAS measurements
average over the whole sample rather than probing locally. SAS bears the advan-
tage of being independent of the physical state, such as crystalline, amorphous or
liquid. Structural information can be obtained on inhomogeneities in the material
because the difference between the electron density or scattering length density for
the different phases leads to scattering of X-rays or neutrons, respectively. The
difference between the electron densities defines mainly the contrast between the
phases for the SAXS. Typically scattering from structures in the size range of 1-
100 nm is observed at angles smaller than 5 °. The basics of SAS described in the
following are covered in literature by, e.g., [23–26].
The scattered intensity measured in SAXS is expressed as the macroscopic dif-

ferential scattering cross section dΣ/dΩ. It is defined as the ratio of the number of
particles scattered per second divided by the flux of the incident beam per unit solid
angle Ω and has the dimensions of an area (cm2). By normalization to unit sample
volume, dΣ/dΩ is written in cm−1 [27]. The scattering cross section describes the
probability to observe a scattering incident of a given inhomogeneity at a certain
angle. In other words, if there is a typical and very often occurring size and shape
it has a higher probability to scatter and therefore the measured intensity corre-
sponding to this size and shape is likely to be higher. Usually, dΣ/dΩ is plotted
as a function of the scattering vector q which describes the correlation between the
vector of the incident wave to the scattered wave. The length of the scattering
vector is hereby defined for the entire thesis as q = 4π sin θ/λ, where θ is half of
the scattering angle and λ is the wavelength of the radiation. It is usually noted
in nm−1 or Å−1 and quantifies length scales in reciprocal space. For example, the
Bragg distance is calculated as dhkl = 2π/q. The normalization to the wavelength
makes all independent measurements directly comparable.
In the following theoretical considerations, the scattering is assumed to be elastic

and the intensity of the scattered radiation is small compared to the intensity of
the incident beam, so that multiple scattering events are assumed to be negligible.
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2.6 Analysis with X-rays

The amplitude of the scattered wave is the Fourier transform of the electron
density distribution in the sample. But as the measured scattering intensity is
defined as the absolute square of the scattering amplitude, analysis can not be per-
formed by simple inverse Fourier transformation because the phase information is
lost. However, the Fourier transform is used to obtain a distance distribution (auto-
correlation) function, revealing information about the maximum lengths present in
the sample.

The scattering amplitude A(q) from point–like scatterers with an electron density
ρ(x), described by the vector x in the reciprocal space is expressed by

A(q) =
∫
ρ(x)e−iq·xdx (2.2)

The scattering intensity is then |A(q)|2. To describe measurements of real samples
with an almost infinite number of scattering centers, the individual contributions
from the instrument and sample to the scattering intensity are grouped and the
measured scattering intensity is expressed as

I(q) = I0(λ)∆Ωη(λ)T (λ)Vs
dΣ
dΩ(q) +B (2.3)

where I0(λ) is the incident flux, ∆Ω is the solid angle element defined by the size
of the detector pixel, η(λ) is the detector efficiency, T (λ) the transmission and Vs
the volume of the sample illuminated. dΣ(q)/dΩ is the differential scattering cross
section per unit volume and B the background. The scattering cross section con-
tains all the information about size, shape and interactions between the scattering
structures and is described by

dΣ
dΩ(q) = nV 2(∆ρ)2P (q)S(q) (2.4)

where n is the number concentration of scattering centers, V is the volume of one
scattering centre, (∆ρ)2 the contrast. The form factor P (q) contains the informa-
tion on the size and shape of the structures. For the most common shapes like
spheres or rods expressions have been derived. Whereas the structure factor S(q)
describes the interferences and therefore distances between the particles.

The sizes and shapes of the structures present in the sample are commonly eval-
uated by fitting and comparing calculated intensities of defined shapes and sizes
to the measured intensities. For the more complex models it is often necessary to
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2 Experimental – materials and methods

have additional information from other methods like electron microscopy or chem-
ical analysis to obtain reliable results from the model-fitting, because the solutions
are not unique.

2.6.4 Anomalous small-angle X-ray scattering (ASAXS)

The increasing availability of tunable synchrotron radiation has risen the interest
in resonant scattering and anomalous small-angle X-ray scattering (ASAXS) was
introduced by Stuhrmann in 1980 [28]. Reviews treating the fundamental aspects
as well as examples for application of this method can be found, e.g., in [28–31].
Some examples of application are the determination of shape and distribution of
precipitates in metal alloys, porous catalysts and ion distributions in polymers.
Close to an absorption edge of an element the anomalous dispersion correction,

the complex contribution to the atomic scattering factor f , can not be neglected any
more. f is defined as f(q, E) = f0(q)+f ′(q, E)+f ′′(q, E) where f0 = Z, the number
of electrons (atomic number), and f ′(q, E) the real and f ′′(q, E) the imaginary part
of the anomalous dispersion correction. The dependence f on q is small for small
angles and is therefore neglected herein. Far away from an absorption edge, f is
assumed to be constant and equal to Z. The real part f ′ is related to a phase
shift of the interacting X-ray wave whereas the imaginary part f ′′ is related to
the absorption. Figure 2.3(a) illustrates the contribution of the complex part at
the absorption edge of zirconium. Especially the real part f ′(E) has a very strong
contribution at energies just below the absorption edge.
This significant change in the scattering factor f in the vicinity of the absorption

edge of an element leads to a change in the scattered intensity because the scattered
intensity depends on the square of the scattering factor, I(q, E) ∝ f(E)2. This de-
pendency is used for ASAXS by measuring SAXS at several different energies in the
vicinity of the absorption edge. Due to the change in scattering intensity, a contrast
variation is obtained and the scattering of the structures containing the respective
element can be separated from the total scattering. Figure 2.3(b) shows the im-
pact of the energy variation and the contribution of f ′(E) to the SAXS for the two
marked energies. Where the solid line corresponds to the scattering at the energy
marked by the filled symbol in figure 2.3(a) and the dashed line to the scattering
at the energy marked by the open symbol. A small, but significant change in the
scattering intensity is observed. In proportion to the total scattering amplitude,
this change with the energy is small and thus accuracy and detector sensitivity
are crucial. The higher intensity at the larger q values is due to fluorescence and
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2.6 Analysis with X-rays

resonant Raman scattering. These inelastic contributions have to be removed prior
to further analysis.
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Figure 2.3: Variation and influence of the anomalous dispersion correction on the
example of zirconium

A multicomponent phase system can be generally described by

I = AS (2.5)

where I is a column vector of intensities I(q, E), S is a column vector of the par-
tial structure factors and A is the coefficient matrix containing volume fractions
and scattering factors of the phases [32, 33]. The partial structure factors (PSF)
describe the independent scattering contribution of each phase and the cross terms
the scattering contribution of the interfaces and interactions between the phases.
Due to the large electron density contrast between the hydride matrix and the tran-
sition metal element, the investigated samples were treated as two-phase systems.
Equation 2.5 can then be written as

I(q, E) = xα |fα(q, E)|2 Sαα(q)
+2xβ< [fα(q, E)fβ(q, E)]Sαβ(q)
+xβ |fβ(q, E)|2 Sββ(q)

(2.6)

where xα and xβ are the atomic fractions of the phases α and β, f the described
scattering factor and S the PSFs [34]. Only one phase shows energy dependent
scattering in the measured energy range. Several methods to extract the PSFs for
two and three component systems have been developed, e.g., by Lyon et al. [33,35]
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2 Experimental – materials and methods

and Simon et al. [36], Fuoss et al. [37] and Munro et al. [38] as well as Goerigk et
al. [39].
The calculation of the PSFs from equation 2.6 and 2.5 is very sensitive to sta-

tistical and systematical errors in the data and errors in the anomalous dispersion
factors [40] and sometimes even negative PSFs are observed [36,40], which can not
be explained physically.
The PSF for the energy dependent scattering phase can also be solved by dif-

ferentiation of the intensity for each energy and q-value with respect to f ′. After
plotting, a line is fitted at each q-value. The slope of this line is then proportional
to Sββ. This method is described in detail in [37, 38] and was recently successfully
applied by Vainio et al. [40, 41].
Goerigk et al. [39] have evolved a set of equations for a two phase-system and three

measuring energies to determine the PSF. Here, exact knowledge of the anomalous
dispersion corrections and atomic fractions of the phases are required. However, the
quality of the determined scattering factor and estimation of the atomic fractions
of the investigated samples is insufficient for using this method.
The scattering contribution of the cross term Sαβ is calculated to be small. There-

fore the difference in the differential scattering cross section at the highest and
lowest measuring energy is taken as the PSF and further analyzed.
For the vanadium containing samples, a large number of scattering curves have to

be discarded due to unreliabilities in the data. As can be seen from this discussion,
precise measurements and a careful evaluation of the obtained data is mandatory
for each sample.

Measurement parameters For ASAXS measurements the Zr-containing powders
are filled in 1mm thick sample holders of aluminum alloy with a hole of 5mm in di-
ameter and sealed by two 55µm thick Kapton tapes in an argon filled glovebox. For
a similar transmission and to avoid multiple scattering effects, the thickness for the
V-containing samples is approximately 50µm. The measurements are performed
under vacuum conditions at beamline B1, Hasylab, DESY [42, 43]. Prior to each
ASAXS measurement a low resolution XANES scan is measured to determine the
position of the absorption edge of each sample. The beamline is calibrated to the
edge energies of Zr-foil at 17998 eV and V-foil at 5665 eV [44]. The individual SAXS
measurements are performed at 5 or 6 energies below the previously determined ab-
sorption edges for the Zr-containing materials and at 3 energies for the V-containing
samples. All samples are measured at two sample-to-detector distances of 935mm
and 3635mm to cover the maximum available q-range. The reliable q-range of the
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2.6 Analysis with X-rays

instrument in the energy range of Zr is concluded to be from 0.2 to 14 nm−1 and
in the energy range of V from 0.1 to 4 nm−1. Three measurement cycles are per-
formed for each sample at each energy and distance. The measured 2D data is
corrected for dark current, detector response, transmission of the sample, and for
geometrical distortion and integrated azimuthally. Further, the intensities are put
on absolute intensity scale by using pre-calibrated glassy carbon standards. A q−4

dependence is fitted to the scattering data at high q values and then subtracted to
correct the data for an energy dependent background caused by fluorescence and
resonant Raman scattering.

For the vanadium containing samples, a large number of scattering curves had to
be discarded due to unreliabilities. The absorption edge of V is at 5665 eV just at
the edge of possible measuring energies of the instrument. The detector sensitivity
at these X-ray energies is rather poor and a substantial contribution from slit
scattering was observed and only parts of the obtained 2D scattering signal could
be used.

Analysis-model fitting After determination of the PSF, the separated scattering
curve can be treated and analyzed as a normal SAXS curve. In a first approach, to
analyze the typical size of the Zr-containing compounds the Debye-Bueche model
was used. It is a two phase model with sharp interfaces but random shape and
distribution of the phases. A schematic image of the model is shown in figure 2.4.
The model was first developed by Debye et al. [45] and recently applied by Goerigk
and Williamson [46, 47] on ASAXS data. The separated scattering curves were
fitted to the function

dσ

dΩ(q) = ba3

(1 + a2q2)2 + c

q4 (2.7)

with the correlation length a, from which the two correlations lengths of the phases
α and β, ξα and ξβ, can be calculated according to 1/a = 1/ξα + 1/ξβ. The
correlation length ξβ = xβ · a/(1 − Φβ) corresponds to the Zr-containing phase β
with its volume fraction Φβ. The constant b includes information on the volume
fraction, density and concentration of phase α. The equations to estimate b from the
fit described in [47] cannot be solved in this case because neither the density of the
material nor the composition are known exactly. Therefore, the volume fractions
were assessed from the chemical formula of the composites. The additional c/q4-
term comes from large Zr-containing inhomogeneities where c is a constant.
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Figure 2.4: Schematic drawing of the Debye-Bueche model [47].

2.6.5 X-ray absorption Spectroscopy

In the energy range of an absorption edge of an element, compounds display a char-
acteristic absorption character [48,49]. Changes in the charge distribution around a
given atom in different chemical environments (e.g. different oxidation states) can
alter core-level binding energies and thus lead to a shift of the absorption edge by
several eV. The atoms surrounding the absorbing atom modulate the absorption at
energies above the edge by scattering –the so called fine structure– is observed. A
typical curve is illustrated in figure 2.5 for metallic Zr-foil. The fine structure reveals
information on the distance and chemical character of the surrounding atoms. The
region near the edge, the X-ray absorption near edge structure (XANES) range,
is dominated by multiple scattering of the electrons and therefore revealing de-
tails of the electronic properties and the spatial arrangement of the atoms around
the absorbing one and the electronic properties. The extended X-ray absorption
fine structure (EXAFS) is dominated by single scattering phenomena because the
excited electrons have reached the continuum states. The information on the geo-
metrical distribution of the surrounding atoms can be extracted.
In this work, a qualitative comparison to reference samples was performed in the

XANES range. Reliable conclusions on the present chemical state of the investi-
gated material can be drawn.
The measurements are performed at Beamline A1, Hasylab, Desy [50, 51] on

samples with Zr-based additives, the same samples used for ASAXS. The samples
are mixed with cellulose and pressed into pellets of 11mm in diameter. These
pellets are then mounted between two 55µm Kapton tapes on aluminum sample
holders. The absorption coefficient µd is measured from approximately 100 eV below
the k-edge of zirconium at 17998 eV to about 900 eV above. For each sample, the
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average from three measurements is taken, normalized and corrected for pre-edge
background.
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Figure 2.5: Linear absorption coefficient near the k-absorption edge of metallic
zirconium.

The data obtained from the X-ray absorption spectroscopy is further used to
determine the anomalous dispersion coefficients f ′ and f ′′ described in 2.6.4 using
the CHOOCH program by Evans [52]. The absorption edge is determined from
these measurements according to [53] by taking the first inflection point of the first
derivative of the absorption coefficient and is listed for each sample in table 3.1.
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3 Results

The experiments are focused on finding and identifying the detailed reaction mech-
anisms and improving the sorption kinetics in LiBH4−MgH2 composites by suit-
able additives. This task is addressed by a combination of different experimental
methods such as volumetric measurements, (High-pressure)- differential scanning
calorimetry (DSC) and in- and ex-situ XRD. By these methods, important features
like, reaction kinetics, storage capacity, ongoing reactions and the present crys-
talline phases are characterized. However, careful evaluation of the experimental
conditions of the different methods is necessary before comprehensive conclusions
can be drawn. The general issue of microstructure and phase distribution in the
composites is addressed by electron microscopy studies.
Furthermore, the beneficial effect of additives and cycling on the reaction ki-

netics is investigated in more detail. The impact of transition-metal-chlorides,
-isopropoxides and -oxides as well as surplus system compounds are described in
a phenomenological approach by volumetric measurements. To shed light on the
mechanism of these additives, more detailed studies are performed exemplarily for
Zr-based additives by means of anomalous small angle X-ray scattering (ASAXS)
and X-ray absorption spectroscopy (XANES). The location of the Zr additives is
addressed in a high resolution TEM study. The results give information on the size,
distribution and chemical state of the Zr-based compounds for the samples in the
as prepared and cycled state. From this, conclusions on the origin of the beneficial
effect of the transition-metal based additives are drawn.

3.1 Microstructure and phase distribution in the
pure composites

The microstructure and phase distribution are key issues for the materials func-
tionality, because significant mass transport of heavier atoms like Mg or B has to
take place during the sorption reactions. Therefore, short diffusion paths are cru-
cial for fast sorption kinetics. In a first approach the general phase distribution in
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3 Results

the milled, pure composites is addressed, revealing typical size ranges and phase
distribution. The details for the sample preparation are given in chapter 2.3.

LiH−MgB2 composites Figure 3.1(a) shows a SEM image of as milled LiH−MgB2

composite. After the milling process, typical particle sizes between 5-20µm are ob-
served. Analysis of the XRD pattern of as milled LiH−MgB2 composites in figure
3.1(b) shows the presence of two crystalline phases LiH and MgB2 and crystallite
sizes in the range of 10-20 nm are derived by the Scherrer formula. This is two
orders of magnitude smaller than the structures observed in the SEM.

(a) SEM image
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(b) XRD pattern

Figure 3.1: SEM image and XRD pattern of as milled LiH−MgB2 composite.

In case of SEM, short air exposure of the sample could not be avoided and thus
structural changes due to the contact with air cannot be excluded.
To visualize the phase separation measured by XRD, higher resolution mea-

surements are necessary. In figure 3.2 a high resolution TEM image of as milled
LiH−MgB2 composites is shown. The pattern of thin lines represent the atomic
layers of individual crystallites. With the applied setup an identification of the
different phases LiH and MgB2 phases was not possible but an average crystallite
size around 50 nm can be deduced. This is about twice the size than estimated
from the XRD measurements.
These observations of particle edges and small particles suggest homogeneity and

fine crystallinity of both phases.
Further measurements on the cross-section of the as milled LiH−MgB2 compos-

ites support this assumption, see figure 3.3. The dense coating visible at the top is
the protective Pt layer. The sample shows a homogeneous two phase mixture.
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3.1 Microstructure and phase distribution in the pure composites

Figure 3.2: High resolution TEM image of as milled LiH−MgB2 composites.

This sample with a final thickness of approximately 50 nm is then transferred to
the TEM under argon atmosphere. The micrographs indicate the MgB2 crystallites
to be embedded in a almost amorphous LiH phase. Here, the influence from the
electron beam might play a role because although the reflections are weak, peaks
from crystalline LiH can be observed in powder diffraction measurements. This is
imaged in figure 3.4 (a). The element distribution obtained by EELS of Li, Mg and
B is mapped in detail in figures 3.4 (b) through (d). Light regions indicate a large
content of the respective element while the dark region present a low concentration.
From this analysis a correlation between the B and Mg content can be observed.
However, this conclusion is not valid for all clusters, which can be explained by, e.g.,
LiH layers above or below the respective MgB2 crystallite. Therefore the darker
regions in figure 3.4 (a) can be attributed to consist mainly of MgB2 while the
lighter parts correspond to a LiH matrix.
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Figure 3.3: SEM images of the cross sections of as milled LiH−MgB2 composites.
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3.1 Microstructure and phase distribution in the pure composites

(a) Zero loss image (b) EELS mapping Li

(c) EELS mapping B (d) EELS mapping Mg

Figure 3.4: TEM micrograph and EELS mapping of elements of the corresponding
region.
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LiBH4−MgH2 composites In figure 3.5 the SEM image (a) and XRD pattern (b)
of as milled LiBH4−MgH2 composite is presented. Imaging of the LiBH4−MgH2

composites is difficult, because of the low conductivity of the surfaces, the particles
are charged and make higher resolution impossible. Analysis of the XRD pattern
reveals the material to consist of nanocrystalline LiBH4, MgH2 and γ-MgH2 af-
ter milling with typical crystallite sizes for the MgH2 of 10-20 nm. γ−MgH2 is a
metastable structure of MgH2 that is, e.g., formed during high-energy ball milling.
The observed particles are much larger than the small crystalline units and the
particles are therefore assumed to consist of multiple crystallites, similar to the
LiH−MgB2 composites.

(a) SEM image

2 0 3 0 4 0 5 0 6 0
�
������
��������	������������
�

int
en

sity
 / a

rb.
 un

its


���
��θ����

  

♣

♣♣
♣

♣
⊗

⊗

⊗
⊗

♣

♣♣

⊗

⊗ 	���
♣ �����

(b) XRD pattern

Figure 3.5: SEM image and XRD pattern of as milled LiBH4−MgH2 composites.

In comparison to the LiH−MgB2 composites the as milled LiBH4−MgH2 compos-
ites display a much coarser phase distribution, see figure 3.6. Two distinct regions
can be differentiated on a larger scale of about 300 nm, dark and spotty and fairly
homogeneous and light.
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3.1 Microstructure and phase distribution in the pure composites

Figure 3.6: TEM image of LiBH4−MgH2 composites in the as milled state.

The diffraction pattern obtained in the microscope for this region A, shown in
figure 3.7(a), reveals only amorphous structures. This is possibly due to the impact
of the electron beam or to the preceding emulsion in toluol. The EEL spectrum
of this region, shown in figure 3.7(b) by the black trace with the open symbols,
displays very similar features to the EEL spectrum obtained for pure LiBH4 (gray
trace) and significant differences to the EEL spectrum of MgB2 (black trace). The
light gray material in region A is therefore proposed to consist of LiBH4.

(a) diffraction region A
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Figure 3.7: TEM diffraction image and B-EELS of region A.

Diffraction analysis of region B shows mainly metallic Mg and MgO, see figure 3.8
(a). This is also confirmed by the strong Mg signal obtained by EDX measurements
shown in figure 3.8 (b). MgH2 is not stable under the electron beam and decomposes
therefore into metallic Mg. Thus MgH2 seems to be embedded in LiBH4 matrix.
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(a) Diffraction region B
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(b) EDX-region B

Figure 3.8: TEM diffraction image and EDX of region B.

3.2 The first desorption reaction – kinetics and
mechanism

The previous section illustrated the microstructure of the composites. Information
on the sorption properties, reaction kinetics and reaction steps is addressed in the
following section. The first desorption reaction of freshly milled LiBH4−MgH2 com-
posites is presented in detail by volumetric measurements, DSC and XRD. The first
desorption reaction of the pure composite is scientifically interesting because of the
chemically well defined starting conditions and therefore clear reaction mechanism.
From later experiments it is known, that the absorption reaction is often incomplete
and small amounts of residual MgB2 are detected. This makes a determination of
the formation of new MgB2 in the next desorption reaction difficult. The influence
of the measurement parameters such as pressure and temperature on the reaction
mechanism is reviewed.

3.2.1 Volumetric measurements

Volumetric measurements of the first desorption reaction of LiBH4−MgH2 com-
posites were carried out in a Sievert’s type apparatus to determine the reaction
kinetics. In figure 3.9 the kinetic curves for the milled pure composite are shown
under vacuum conditions and under a hydrogen back-pressure of 5 bar. The initial
state of the as-milled powder is illustrated by XRD scan (a) in figure 3.10. It con-
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3.2 The first desorption reaction – kinetics and mechanism

sist of nanoscale LiBH4 and MgH2 crystallites. For the experiments the sample was
heated to 400 °C and then kept isothermal, the dashed line represents the sample
temperature. All reactions occur on a very large time scale in the hour-to-days
range in two reaction steps.
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Figure 3.9: First desorption reaction of the pure LiBH4−MgH2 composite under
5 bar hydrogen and vacuum conditions.

The sample measured under vacuum conditions displays the shortest reaction
time and therefore the fastest reaction kinetics. The hydrogen capacity measured
within 9 h is approximately 9.5wt%. Analysis of the reaction products by XRD
reveals only metallic Mg and LiH, see figure 3.10 trace (b). The state of the boron in
this sample is unknown, one possibility is the formation of amorphous boron, which
is invisible to X-rays and the other possibility is the formation of volatile B2H6.
From these reaction products, only rehydrogenation of Mg to MgH2 was achieved
[54]. To obtain the desired reaction products LiH, MgB2 and hydrogen, measuring
with a back-pressure of several bar hydrogen is necessary at this temperature. This
is confirmed by XRD measurements after desorption in figure 3.10, trace (c), the
solid reaction products are now LiH and MgB2. The observation of this important
boundary condition was also reported in literature [14].
However, for the pure samples measured under 5 bar hydrogen pressure at 400 °C

a lengthy “incubation” period of about 15 h is observed, see the line trace and
the trace with the triangles in figure 3.9. Approximately 10wt% are desorbed
within 35 h. For the composites containing the pre-milled MgH2 (trace with the
triangles in figure 3.9) a shorter incubation period and an overall faster reaction
are observed, the reaction is completed after 20 h. This is assumed to be related
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Figure 3.10: XRD of the pure LiBH4−MgH2 composites in the milled (a) and des-
orbed state, reactions performed under vacuum conditions (b) and
5 bar hydrogen pressure (c).

to a more efficient milling procedure, achieving finer crystallite and particle sizes
and better distribution of the two phases. The origin of the incubation period for
the pure compounds in the first desorption reaction will by addressed in further
investigations, see section 3.4.

3.2.2 Thermal analysis

Volumetric measurements describe the overall reactions in a phenomenological ap-
proach. To understand the ongoing reactions in detail, a thermodynamic descrip-
tion of the individual processes is necessary for the complex reactions in the com-
posites. This is addressed by simultaneous thermal analysis performed in a DSC
apparatus combined with thermogravimetry and mass spectroscopy of the exhaust
gas. In figure 3.11 the first heating to 480 °C of the LiBH4−MgH2 composites under
argon-flow is measured. Four distinct endothermic reactions are observed. The first
at approximately 110 °C is denoted A and relates to the polymorphic transforma-
tion of LiBH4 from orthorhombic to hexagonal lattice structure [55]. The second
endothermic peak at around 275 °C is the melting of LiBH4 [56] and is denoted as
B. In further diagrams the respective solidification during cooling is also indexed
as B. The first melting of commercial LiBH4 is sometimes correlated to a slight
release of hydrogen [57]. For some samples, especially with additives, a decrease
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3.2 The first desorption reaction – kinetics and mechanism

of the melting temperature by as much as 20 °C was observed in DSC measure-
ments. A direct correlation to the desorption temperature was not observed, but
the influence was not investigated in detail.
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Figure 3.11: Simultaneous thermal analysis of LiBH4−MgH2 composites coupled
with mass spectrometric analysis of the exhaust gas.

As shown by the Mass spectrometer- and balance signal, reactions C and D are
accompanied by a significant release of hydrogen and loss of weight and correspond
therefore to the desorption reactions. Further analysis of the reaction mechanism
in section 3.2.3 reveals reaction C to belong to the desorption of MgH2 and the
reaction D to the desorption of LiBH4. The ragged shape of the reaction D indicates
a multiple step reaction or kinetic constraints. This was also observed for the pure
LiBH4 by Züttel et al. [58, 59], first suggesting intermediate formation of LiBH3

and LiBH2. Recently, the intermediate formation of Li2B12H12 was proposed and
experimentally confirmed by [60–62], but it is not known, whether its formation
corresponds also to the ragged shape of the DSC peak.
For pure and doped LiBH4 the release of gaseous diborane, B2H6, was observed

[63], for the composites, however, only hydrogen was detected in the exhaust gas.
Small amounts of gaseous B2H6 can not be excluded, though. Due to the long
distance from the reaction vessel to the analyzer the decomposition of B2H6 before
it reaches the analyzer is possible.
As shown in figure 3.9, the desorption under vacuum leads only to the formation

of Mg and amorphous B or B2H6 and not MgB2 in the investigated temperature
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range. Therefore the decomposition mechanism under an argon flow is not neces-
sarily the same as under a low hydrogen back-pressure.
A desorption measurement under hydrogen atmosphere in a high-pressure DSC

was therefore carried out. In figure 3.12 the measurement of the first desorption
reaction of the pure LiBH4−MgH2 composite is shown under 3 bar hydrogen pres-
sure and a heating rate of 5K/min. The reactions are labeled as before. Reactions
A and B show little dependency on the pressure, however, reactions C and D are
shifted to higher temperatures. The desorption of LiBH4 (reaction D) is incom-
plete, which is clearly visible by reactions B (solidification of LiBH4) and A (phase
transformation of LiBH4) during the cooling. The desorption reactions show kinetic
restrictions in the DSC apparatus, because a complete desorption of LiBH4−MgH2

composites under isothermal conditions at 400 °C and 5 bar hydrogen was observed
beforehand, see figure 3.9.
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Figure 3.12: HP-DSC measurement LiBH4−MgH2 composite of the first desorp-
tion reaction, measured under 3 bar hydrogen and a heating rate of
5K/min.

It must be noted, that an exothermic event caused by the formation of MgB2

cannot be observed. For this there are two possible explanations. Either the en-
dothermic desorption reaction of the LiBH4 overlaps with the exothermic formation
of MgB2 or the formation of MgB2 is very slow and occurs over a wide temperature
range and hence does not display a clear peak.
The determination of the heat of reaction from the DSC measurements for these

composites is not possible. The estimated values are unreasonably low as the
desorption reaction is not finalized.
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3.2 The first desorption reaction – kinetics and mechanism

3.2.3 In-situ XRD

The intermediate state of the desorption reaction is suggested to correspond to the
desorption of MgH2 to metallic Mg, but confirmation of this intermediate state is
necessary. This is achieved by in-situ XRD measurements. This method has the
advantage that no changes due to quenching of the samples influence the results.
The first desorption reaction of LiBH4−MgH2 composite with 5mol% Vanadium-
isopropoxide is illustrated in figure 3.13. As figure 3.15 shows, the reaction mecha-
nism with and without additve is the same and figure 3.13 is therefore representa-
tive. The sample is measured under approximately 5 bar hydrogen and was heated
to 400 °C and then kept isothermal.
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Figure 3.13: In-situ XRD of the first desorption reaction of LiBH4−MgH2 com-
posites with 5 mol% Vanadium-isopropoxide under 5 bar hydrogen,
heating to 400°C and then keeping isothermal. The measurement was
obtained at the MAX-lab.

Clearly visible are the initial crystalline compounds LiBH4 and MgH2. No re-
flections from the additive phase or reaction products of the additive with the
hydride matrix can be observed, which suggests a very fine distribution. At ap-
proximately 110 °C occurs the phase transformation of LiBH4 from orthorhombic
(LT) to hexagonal (HT) lattice structure. Upon further heating, at approximately
230 °C the LiBH4 melts and it’s decomposition cannot be followed further by X-ray
diffraction. At temperatures of approximately 280 °C a fast desorption of MgH2
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3 Results

into metallic Mg is observed. This points towards inaccuracy in the temperature
measurement, because the decomposition temperature of MgH2 under 5 bar hy-
drogen is known to be greater than 350 °C [64], for pure MgH2 as well as for the
composites. The formation of MgB2 is observed very soon afterward, supposedly
simultaneous to the desorption of LiBH4. The quantitative description of this reac-
tion is shown in figure 3.14(a). The fraction of the MgH2 seems to increase before
a very sharp transition into metallic Mg occurs. In reality, the fraction of MgH2

cannot increase, the observed rise in the peak area is likely to be due to an increase
in the crystalline fraction and due to coarsening/recrystallization of the MgH2 crys-
tallites. The metallic Mg reacts then to MgB2, the decrease of the Mg peak takes
place simultaneously to the formation of MgB2. The results do not indicate a for-
mation of a crystalline intermediate phase. For the orthorhombic LiBH4 a small
decrease in the phase fraction is observed before the first order phase transition into
the hexagonal lattice structure takes place and at higher temperatures the melting
occurs. The evolution of the crystallite sizes of MgH2 and MgB2 is plotted in figure
3.14(b). Significant coarsening and possibly recrystallization of MgH2 starts at ap-
proximately 170 °C. The small jump in the phase fraction and crystallite size after
approximately 15 min is likely to be due to the phase transition of LiBH4, because
the analyzed MgH2 reflection is overlapping with a reflection of the orthorhombic
LiBH4. The crystallite size of MgB2 is quite constant at a level of 18 nm. MgB2

is stable for temperatures up to 1300 °C before decomposing into more boron rich
compounds [65], therefore coarsening is less likely to take place than in the less
stable MgH2.
It should be noted, that the diffraction conditions need to be fulfilled, therefore

small phase fractions and fine crystallites as well as amorphous phases, e.g., at the
beginning of the phase-formation, cannot be observed.
The volumetric measurements suggest a simultaneous decomposition of LiBH4

and formation of MgB2 under a hydrogen back-pressure of 5 bar, because the equi-
librium temperature for pure LiBH4 is greater than 400 °C under 5 bar hydrogen.
In-situ XRD measurements with a simultaneous record of the pressure are set up
at the ESRF to verify this assumption. As the amount of sample is very small,
the change in pressure is also very small, but nonetheless distinctly noticeable. In
figure 3.15 selected patterns of pure LiBH4−MgH2 composites slowly heated to
approximately 415 °C are shown. High resolution powder diffraction patterns are
taken with 10minutes measurement time for each pattern.
The initial composite is clearly visible with the orthorhombic room-temperature

phase of LiBH4 and a mixture of MgH2 and γ-MgH2. Upon heating the phase
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3.2 The first desorption reaction – kinetics and mechanism
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(b) crystallite sizes of the Mg-phases

Figure 3.14: Quantitative analysis of the phase fractions (a) and the crystallite sizes
(b) of the Mg phases during the first desorption of LiBH4−MgH2 com-
posites with 5 mol% Vanadium-isopropoxide under 5 bar hydrogen.
The crystallite sizes were estimated using the Scherrer formula.
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Figure 3.15: In-situ XRD and pressure record of the first desorption of pure
LiBH4−MgH2 composites performed at the ESRF under approxi-
mately 5 bar hydrogen, heating to 415 °C and then keeping isothermal.
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transformation and melting of the LiBH4 can be observed. The peaks of the MgH2

get narrower, relaxation and coarsening is taking place. At approximately 380 °C
the desorption of MgH2 occurs, accompanied by a slight change in pressure. Upon
further slow heating and under isothermal conditions at approximately 410 °C only
metallic Mg can be observed in the diffraction patterns for several hours. An
“incubation” period like in the isothermal measurements in the titration apparatus
is visible. Then, the simultaneous formation of MgB2 and a significant change in
pressure takes place, the desorption of LiBH4 occurs simultaneous to the formation
of MgB2. This is illustrated by scans (a) through (d) and the corresponding pressure
signal in the diagram on the right. During the incubation period, some small
reflections at lower q values can be observed. They are discussed in section 4.1
with the other unidentified peaks of other in-situ measurements.

To investigate the effect of heating an experiment was performed with the con-
ditions similar to those in the high-pressure DSC. A heating rate of 5K/min was
applied to a maximum temperature of the sample of approximately 490 °C under a
hydrogen pressure of 3 bars. The results from this measurement is shown in figure
3.16.
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Figure 3.16: In-situ XRD and pressure record of the first desorption of pure
LiBH4−MgH2 composites performed at the ESRF under approxi-
mately 3 bar hydrogen, heating to 480 °C with 5K/min and then keep-
ing isothermal.
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3.2 The first desorption reaction – kinetics and mechanism

Initial compounds of LiBH4 and MgH2 are clearly visible at the top of the dia-
gram. Upon heating the phase transformation and melting of LiBH4 occur. The
increasing intensity of the MgH2 reflections hint to significant coarsening of this
phase. Upon further heating, the formation of Mg is observed. Under these con-
ditions of 3 bar hydrogen the pressure trace shows a two step reaction without
incubation period. Again, metallic Mg is present for several hours, before forma-
tion of MgB2 is noted. It seems that the formation of MgB2 is delayed, although
metallic Mg is present. Free B is assumed to be present but it cannot be observed in
the diffraction patterns. A detailed quantitative analysis or Rietveld refinement of
the XRD patterns is not possible, because the scattered intensity was measured by
point detectors and the sample could not be spun because of the pressure setup; ho-
mogeneity and random orientation can therefore not be assumed. A possible rate
limiting step for the first desorption reaction of LiBH4−MgH2 composites under
isothermal conditions is the delayed formation of MgB2.
This observation is also supported by HP-DSC measurement of the pure LiBH4-

MgH2 composite in comparison to the measurement of pure ball milled LiBH4

measured under identical conditions of 3 bar hydrogen and a heating rate of 5K/min
shown in figure 3.17. The onset temperature of reaction D, the desorption of LiBH4,
is very similar in both experiments. For the composite, the onset temperature for
reaction D is at approximately 390 °C while for the pure LiBH4 it is at 380 °C. It
is noted, that the reaction D in the composite is much more complete than for the
pure LiBH4 where reactions B and A are distinctly noticeable during the cooling.
The Mg therefore influences the kinetics of the desorption of LiBH4.
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Figure 3.17: HP-DSC measurement of pure, milled LiBH4 and of LiBH4−MgH2
composite, measured with 5K/min and 3 bar hydrogen.
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3.3 The first absorption reaction – kinetics and
mechanism

3.3.1 Volumetric measurements

Reversible hydrogenation is one of the great advantages of the solid state metal
hydrides. Therefore, in the following section the focus is put on the absorption re-
action. In figure 3.18 the first absorption reactions of initial LiH−MgB2 composites
and previously desorbed LiBH4−MgH2 composites are shown. The measurements
were performed at 350 °C and 50 bar hydrogen pressure and the sorption time is
with 10-25 hours in the hour-to-day range for undoped material. But it is worth
mentioning, that under these moderate conditions, the direct formation of LiBH4

from the elements is not possible [66,67]. As already described in section 3.2.1, full
rehydrogenation under these conditions is only possible from the correct reaction
products LiH−MgB2, otherwise, only the metallic Mg absorbs hydrogen.
It is noted, that the first absorption reaction after previous dehydrogenation

is faster in comparison to the initial sorption reaction starting from as milled
LiH−MgB2 composites, thus hinting to a positive influence of the cycling on the
microstructure. The smooth and monotonic increasing curves indicate a single step
reaction mechanism in contrast to the two step desorption mechanism.
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Figure 3.18: Volumetric measurement of the first absorption reaction of the pure
LiH−MgB2 composite and previously desorbed LiBH4−MgH2 compos-
ite at 350 °C and 50 bar hydrogen pressure.
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3.3 The first absorption reaction – kinetics and mechanism

3.3.2 Thermal analysis

More details on the ongoing reactions in the composite during the absorption of
hydrogen can be revealed by the thermal analysis by high-pressure DSC. The black
trace of the measurement in figure 3.19 represents the first absorption reaction
of LiH−MgB2 composites and shows here two exothermic events upon heating.
The reactions occur in a wide temperature range, with an onset of the reaction X
at approximately 250 °C. The second exothermic event Y is not concluded in the
investigated temperature range but continues during the cooling segment. Upon
cooling, the two distinct features of LiBH4 appear, the exothermic solidification
and polymorphic phase transition. Therefore, a successful hydrogenation reaction
took place under 50 bar hydrogen and heating to 450 °C. This is also proven by
the following desorption reaction represented by the gray trace in figure 3.19, again
showing the characteristic phase transformation and melting of LiBH4 and then the
desorption reactions C and D. During the cooling, no exothermic peaks from LiBH4

can be observed, the desorption reaction was complete in the investigated tempera-
ture range. In comparison to the first desorption of the as prepared LiBH4−MgH2

composites, see figure 3.12, the onset temperature for reaction C is lowered by ap-
proximately 20K and for reaction D by 35K. The determination of the onset for
reaction D in figure 3.19 is difficult, because reactions C and D merge into each
other. These results also hint towards improving sorption kinetics upon cycling.
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Figure 3.19: First full sorption cycle of LiH−MgB2 composites, first absorption
measured under 50 bar hydrogen, first desorption measured under 3 bar
hydrogen, heating rate in both cases 5K/min.
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The origin of the two peaks during the absorption reaction in the HP-DSC re-
mains unclear. The intensity of the two exothermic peaks X and Y varies with the
sample and cycle. In the selected sample for detailed investigation only a weak X
peak was observed with an onset temperature of approximately 250 °C, see figure
3.20(a). The reaction Y is not completed during the heating segment and contin-
ues during the cooling. The cooling segment as well as the following desorption
reaction reveals the known features of the composites A, B, C and D as described
above. Sample material from the same batch was heated under 50 bar of hydrogen
to a maximum temperature of 320 °C, figure 3.20(b). The cooling segment indicates
a small exothermic event at approximately 100 °C, which may correspond to the
phase transformation of freshly formed LiBH4. The following desorption measure-
ment under 3 bar hydrogen reveals two small endothermic events at 100 °C and
240 °C which may correspond to the phase transformation and melting of LiBH4.
The third endothermic event at approximately 420°C may then correspond to the
combined desorption of LiBH4 and MgH2. It occurs at higher temperatures than
the individual desorption of MgH2, observed in figure 3.20(a). The presence of
MgH2 is likely because the Mg is expected to react immediately to MgH2 under
the applied conditions when the MgB2 reacts. The observed thermal events are
much smaller than in the composites heated to higher final temperatures and allow
therefore only limited conclusions. The variation in the intensity of two exothermic
peaks suggests a separation of the reaction due to kinetic restrictions. Furthermore,
the formation of BH –

4 tetrahedra, corresponding to amorpous LiBH4 in LiH−MgB2

composites was observed by Raman spectroscopy after keeping the sample at 265 °C
under 90 bar hydrogen for 5 h by Wan et al. [68]. All my other investigations by in-
situ XRD and volumetric measurements in a Sievert’s apparatus support a one-step
reaction character.
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(b) heating to 320°C

Figure 3.20: HP-DSC investigation of the absorption behavior of LiH−MgB2 com-
posites, measured under 50 bar hydrogen heating to 450 °C and 320 °C
in figure (a) and (b) respectively. The second trace displays the fol-
lowing desorption measurement under 3 bar hydrogen.

3.3.3 In-situ XRD

To investigate further on the reaction mechanism of the absorption reaction, in-
situ XRD measurements were performed. Figure 3.21 shows the first absorption
reaction of pure LiH−MgB2 composites under 150 bar hydrogen, heated to 265 °C,
then kept isothermal for 5 hours and finally cooled to room temperature. The
temperature was chosen to observe also the formation of crystalline LiBH4, since
it is just below the melting point. This was however not possible, the formation of
LiBH4 was only observed after cooling to temperatures below 215°C. However, the
limited accuracy of the temperature control, does not allow conclusions, whether
the newly formed material has a lower melting point or whether the temperature
measurement was inaccurate.
The reflections of the initial compounds of LiH and MgB2 can be followed

throughout the experiment. After a short time, reflections for the MgH2 can be
observed, the increasing intensity shows the reaction progress, this is quantitatively
plotted in figure 3.22.
The evolution of the Mg-containing phase fractions directly correlate to each

other. Therefore, a one step absorption reaction with a direct reaction of MgB2 to
MgH2 is assumed. The then released boron is expected to form LiBH4 with the free
LiH directly. Since the reflections of LiBH4 cannot be observed until cooling, there
is no proof for this assumption. In figure 3.22 (b) the evolution of the crystallite
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Figure 3.21: In-situ XRD of the first absorption reaction of pure LiH−MgB2 com-
posites under 150 bar hydrogen, heating to 265°C , then keeping
isothermal for five hours and cooling to room temperature.
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(b) crystallite sizes

Figure 3.22: Quantitative analysis of the Mg-phase fractions (a) and the crystallite
sizes (b) during the first absorption of LiH−MgB2 composites under
150 bar hydrogen at 265 °C

size is shown. For the MgB2 a slight growth of the crystallites can be observed
during the reaction whereas the crystallite size of MgH2 remains constant. This
observation for the MgH2 is slightly surprising, because the temperature is higher
than the temperature where the starting of the coarsening of MgH2 in the first
desorption reaction was observed. The study suggests, that MgB2 has a stabilizing
effect on the crystallite size of MgH2.
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3.4 Influence of additives in LiBH4–MgH2 and
LiH–MgB2 composites

The following section focuses on the beneficial effect of additives on the sorption
kinetics. The investigations include the phenomenological description of the effect
for transition-metal as well as light-metal based additives and an exemplary study
on the chemical state, size and location of Zr-based additives.
Transition-metal based additives are known to play a crucial role for the reaction

kinetics and reversibility of light-metal hydrides such as MgH2 and NaAlH4 [7,18].
The volumetric experiments focus on the first desorption reaction because of the
most similar starting conditions. With additives, the lengthy incubation period
can be overcome. Detailed investigations on the chemical state after milling and
after cycling are performed exemplarily for Zr-based additives by XANES. For
these, typical sizes are estimated by ASAXS measurements. The location of the
Zr is addressed by TEM investigations. The combination of these methods gives a
comprehensive overview on the chemical state, size and location of the additive.
The investigations on the effect of light-metal based additives such as oxides

and hydroxides is motivated by the observed limited reproducibility and aging of
samples.
One possible origin for the observed incubation period during the first desorp-

tion reaction is restricted nucleation of MgB2. This is investigated with additives
supporting heterogeneous nucleation, such as surplus material of the final reaction
products (LiH and MgB2). This is discussed in detail in section 4.2.

3.4.1 Transition-metal based additives

In figure 3.23 the significant influence of transition-metal based additives on the
sorption kinetics is demonstrated. The sorption time can be reduced by an order of
magnitude from about 30h to 1.5 hours and the incubation period is significantly
reduced or even eliminated. However, under the applied measuring conditions of
400 °C and 5 bar hydrogen the reaction proceeds in two steps with the intermediate
formation of metallic Mg. The changes in the hydrogen storage capacity correspond
to the additional weight of the additives.
Different compounds on the basis of the transition-metal titanium are studied.

Here, the effect of TiCl3, TiB2 and Ti-isopropoxide are investigated to clarify the
influence of the anion. Furthermore, compounds on the basis of different transition-
metals such as titanium, vanadium and zirconium are studied to investigate the
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Figure 3.23: Volumetric measurement of the first desorption reaction of
LiBH4−MgH2 composites with 5mol% of various transition-metal
based additives. The as milled samples are measured under 5 bar hy-
drogen and are heated to 400 °C and then kept isothermal.

influence of the cation. Additionally, several transition-metal based additives with
a known positive influence on the reaction kinetics like Nb2O5 (known for MgH2 [8])
and SiO2 (known for LiBH4 [58, 59, 69]) were tested. To allow better comparison,
the measurements are grouped in figure 3.24 according to the transition-metal or
the anionic-group (oxide, chloride, isopropoxide).

Titanium-based compounds (figure 3.24(a)) all show a significant effect on the
sorption kinetics. While the isopropoxide and the chloride completely overcome the
incubation period, it is still existent but significantly reduced with additional TiB2.
The isopropoxide as well as the chloride are highly reactive and are therefore likely
to react with the hydride matrix during milling or during the sorption reaction
to form more stable compounds. TiB2 is thermodynamically very stable and also
mechanically one of the hardest known compounds. Both of these parameters may
influence the distribution and crystallite sizes within the composite. A reaction of
the additive with the hydride is likely to advance their distribution. The chemical
state of the additive is treated in more detail for Zr-based additives in the following
section 3.4.1.1. It is noted, that none of the additives, except for the TiB2 and
Sc2O3, can be observed in the XRD patterns after milling. This indicates small
crystallite sizes and a very fine distribution. The influence on the hydrogen storage
capacity in dependence of the molecular weight of the additive is clearly visible.
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(d) oxides as additives

Figure 3.24: Effect of various transition metal based additives on the first des-
orption reaction of LiBH4−MgH2 composites measured in a Sievert’s
type apparatus under 5 bar hydrogen and heating to 400 °C and then
holding isothermal. The amount of additive was 5mol% unless noted
otherwise.

For example, the gravimetric capacity with 10mol% additional ZrCl4 is reduced to
approximately 8wt%.
Composites with additional Ti-isopropoxide display the highest reaction rates of

all additives, 3.24(c). The isopropoxides are highly reactive compounds, a reaction
with the hydride matrix during milling or the first sorption reaction is therefore
likely. It should be noted, that in case of Zr-isopropoxide, only a Zr-isopropoxide-
isopropanol complex was available.
In comparison of the different transition-metal chlorides (figure 3.24(b)), all over-

come the incubation period contrary to the addition of MgCl2 which only reduces
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the incubation period by few hours. However, it shows the highest reaction rates
of the chlorides.
For additional Nb2O5 and SiO2 only a small effect on the incubation period is

visible, figure 3.24(d). Additional Nb2O5 catalyzes the desorption reaction of the
MgH2 and thus lowers the onset temperature. Also, for the desorption of the LiBH4

a faster reaction is measured. The addition of SiO2 has a small effect on the reaction
kinetics, despite its known effect on pure LiBH4 [58, 59]. In higher concentrations,
SiO2 is known to react with LiBH4 to form a stable ternary oxide [70]. Of the
additional oxides, Sc2O3 displays very high reaction rates and the incubation period
is completely overcome.
Despite the high thermodynamic stability of Sc2O3 with -1908 kJ/mol [71], this

compounds reacts with the hydride matrix. The reaction was observed by in-situ
XRD under 5 bar hydrogen, see figure 3.25. The initial crystalline phases are
LiBH4, MgH2 and Sc2O3. Upon heating the phase transformation and melting of
the LiBH4 can be observed. At higher temperatures the desorption of MgH2 into
metallic Mg takes place and then MgB2 forms. The reflections from the Sc2O3 with
a scattering vector around 1.5Å−1and 3.5Å−1show a distinctly decreased intensity
compared to the initial reflections. The weakening starts approximately after the
melting of the LiBH4 at 110 °C.
Analysis of the final pattern for a new Sc containing phase gives no satisfactory

result. Possible are the formation of ternary oxides such as ScMg2O4 [72] or LiScO2

[73] as well as Scandium boride ScB2. For the ternary oxides no thermodynamic
data is available. The formation of ScB2 is thermodynamically favorable, under
the condition that the compounds react partially to ScB2 and MgO. Confirmation
of present ScB2 by XRD is not possible for these composites, because the crystal
lattice of ScB2 is almost a complete match of the MgB2 lattice.

3.4.1.1 Chemical state of Zr-based additives

The previous section illustrated strong effect of the additives on the sorption kinetics
as well as the high reactivity and reduction power of the of the hydride matrix.
The approach was mainly phenomenological and the results allow only limited
conclusions on the mechanism behind the influence of the additives on the sorption
kinetics. For this, reliable knowledge about the chemical state, size and distribution
are mandatory. The first question of the chemical state is addressed exemplarily for
Zr-based additives in the following section by a qualitative evaluation of the XANES
measurements. The isopropoxide and chloride additives as well as the hydride
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Figure 3.25: In-situ XRD during desorption of LiBH4−MgH2 composites with
10mol% Sc2O3 under 5 bar hydrogen, heating to 400 °C and then keep-
ing isothermal.

matrix are highly reactive. An inert state during high energy ball milling and
during the sorption reactions of the additives is therefore unlikely. To investigate
the reaction products and the time of formation XAS was performed on the as milled
samples as well as on samples after one and two sorption reactions. Conclusions on
the stability of the reaction products can then also be drawn. A qualitative analysis
of the XANES spectrum is performed by comparison to reference materials. It
should be noted, that neither after milling nor after the first sorption reaction, a
Zr-containing phase could be observed from the X-ray diffraction patterns. This
already indicates a very fine distribution and small crystallite sizes or amorphous
state.

In figure 3.26 the X-ray absorption spectra of the Zr-K-edge for the samples and
references, the XANES curves, are shown. The curves obtained for the materials
prepared with additional ZrCl4 (3.26(a) and (b)) show little similarity to the initial
absorption edge of ZrCl4.
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(c) LiH−MgB2 composites with Zr-iso

1 7 9 7 5 1 8 0 0 0 1 8 0 2 5 1 8 0 5 0 1 8 0 7 5 1 8 1 0 0

no
rm

aliz
ed

 ab
so

rpt
ion

 / a
rb.

 un
its

e n e r g y  /  e V

 Z r - f o i l    
 Z r B 2     
 Z r - i s o   
 Z r O 2     
 2 L i B H 4 + M g H 2 + 0 . 1 Z r - i s o - a b s o r b e d
 2 L i B H 4 + M g H 2 + 0 . 1 Z r - i s o - d e s o r b e d
 2 L i B H 4 + M g H 2 + 0 . 1 Z r - i s o - m i l l e d   

(d) LiBH4−MgH2 composites with Zr-iso

Figure 3.26: XANES curves of the samples with the respective additives. The
curves are shifted vertically for better visualisation

For all samples with additional ZrCl4 the position of the edge is similar, also
in the cycled states. The edge positions are quantified in table 3.1. There are
some variations in the amplitude of the oscillations in the post-edge region, which
are probably due to the nanocrystalline state of the compound. The materials
are apparently reduced during the milling, however not to metallic Zr, because
the absorption edge is only slightly shifted to lower energies than that of the edge
position of ZrCl4 but not to the value of metallic Zr. The state is stable upon
further cycling. For these samples, the formation of ZrB2 is proposed. This is
illustrated in figure 3.27 by the difference curves of milled and cycled LiBH4−MgH2

composites with 10mol% ZrCl4 to pure ZrCl4 and ZrB2. Both samples show a very
high similarity to ZrB2 and significant differences to the initial ZrCl4. The chlorine
reacts with lithium to form LiCl.
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Figure 3.27: Difference curves of the XANES measurements for four selected sam-
ples of the sample to ZrB2, Zr-iso or ZrCl4

For the samples containing Zr-iso as an additive, see figure 3.26(c) and (d), there
seem to be no significant changes of the chemical state during the preparation by
high energy ball milling. The XANES curve of the milled samples shows very high
similarity to the one of pure Zr-iso, which is also illustrated in figure 3.27. In the X-
ray diffraction patterns very similar reflections to those of the as received Zr-iso are
observed. The Zr-iso is not stable during the first sorption reaction, a reduction
of the chemical oxidation state is revealed for the initial LiH−MgB2 composites
as well as for the initial LiBH4−MgH2 composites in the XANES measurements.
The shift of the absorption edge with the first sorption reaction to lower energies
is quantified in table 3.1. Besides the oxidation state, the bonding within the
compound has changed as well. This is indicated by the post-edge peak positions.
For example in the region of 18060 eV the curves of the milled samples show minima
whereas after the first sorption reaction, maxima are displayed. The formation of
stable ZrB2 is proposed for the LiBH4−MgH2 composites with Zr-iso during the
first sorption reaction. The difference curve of the sample to the ZrB2-reference is
almost zero. LiH−MgB2 composites with additional Zr-iso show similarity to the
ZrB2 but there are additional features to be noted, e.g. around 18030 eV. Partial
oxidation and formation of ZrO2 or stable Zr-iso leading to an overlay of the Zr
absorption features is likely to be the origin of this observation. These results agree
very well with the observations of Ignatov et al. [74], who observed the formation
of stable amorphous TiB2 in LiBH4−MgH2 composites with additional TiCl3 by
EXAFS.
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Sample f ′ f ′′
edge position

/ eV

2LiBH4+MgH2+0.1 ZrCl4 -absorbed -3.05 0.56 18008
-7.84 2.47

2LiBH4+MgH2+0.1ZrCl4 -desorbed -3.05 0.56 18008
-7.78 2.5

2LiBH4+MgH2+0.1ZrCl4 -milled -3.06 0.56 18007
-7.63 1.91

2LiBH4+MgH2+0.1Zr-iso-absorbed -3.04 0.56 18009
-7.51 1.46

2LiBH4+MgH2+0.1Zr-iso-desorbed -3.04 0.56 18009
-7.51 1.48

2LiBH4+MgH2+0.1Zr-iso-milled -3.02 0.56 18012
-7.05 1.02

LiH+MgB2+0.1ZrCl4- absorbed -3.02 0.54 18009
-7.63 2.22

LiH+MgB2+0.1ZrCl4- desorbed -3.02 0.54 18009
-7.65 2.32

LiH+MgB2+0.1ZrCl4- milled -3.03 0.54 18006
-7.25 1.8

LiH+MgB2+0.1Zr-iso- absorbed -3.05 0.56
18007 &
18014

-7.76 2.48
LiH+MgB2+0.1Zr-iso- desorbed -3.04 0.56 18009

-7.36 1.29
LiH+MgB2+0.1Zr-iso- milled -2.99 0.51 18013

-6.92 0.96

Zr-powder 17998
ZrB2 18008
ZrCl4 18009
Zr-iso 18012

Table 3.1: Anomalous dispersion corrections obtained from the XANES measure-
ments and the experimentally determined absorption edge position for
each sample
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3.4.1.2 Typical sizes for Zr- and V-based compounds

Besides the chemical state, size, distribution and location of the additives are key
issues to find the origin for their effect on the sorption kinetics. To obtain informa-
tion on the sizes of the Zr-compounds, ASAXS measurements were performed at
the Zr-K edge. Ti and, as it was revealed during the measurements, V-additives in
combination with this reactive hydride composite are below the limit of the reliable
range of the instrument at beamline B1, Hasylab, DESY. The location of the Zr
phases is addressed in the following section 3.4.1.3, where the images obtained by
electron microscopy are presented.

In figure 3.28 the obtained separated scattering curves from the ASAXS measure-
ments are shown for all Zr-containing samples. The shown data points correspond
only to the scattering contribution of the Zr-containing structures. The symbols
present the experimental data and the lines the fits according to equation 2.7. The
determined anomalous dispersion corrections for each sample corresponding to the
measuring energies are noted in table 3.1. They describe the strong dependency of
the scattering on the energy close to the absorption edge to an element. The corre-
lation lengths for the phases obtained by fitting to the scattering curves are listed
in table 3.2. For the analysis, the formation of stable ZrB2 is assumed, see section
3.4.1.1. By using the estimated volume fraction of ZrB2 the characteristic lengths
of the two phases, ξα and ξβ are calculated. However, the value of the volume frac-
tion is not known exactly, it was estimated under the assumption of homogeneous
chemical state throughout the sample and complete reaction. The porosity of the
powder was neglected and bulk density assumed. Due to these assumptions, the
characteristic matrix-length ξα can only serve as a guideline. However, it matches
well the estimated crystallite sizes from the XRD patterns.

The composites with additional Zr-iso reveal a distinct peak in the measured q
range. This is a Bragg peak of Zr-iso, the reflection in the milled material is very
similar to the one observed in the received material. Besides this peak, no scattering
contribution is measured in the large q region but a scattering contributions from
larger structures is observed in the lower q region. Upon cycling, the Bragg-peak
disappears and a scattering contribution in the q range corresponding to a few nm
sizes is measured. A very broad shoulder around 2 nm−1 can be noticed after the
first sorption reaction and it is apparently stable during further sorption reactions.
The scattering is due to structures in the size range of several nm. This observation
was made for all cycled Zr-iso containing samples.
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(d) LiBH4−MgH2 composites with ZrCl4

Figure 3.28: ASAXS separated curves for the as as prepared and cycled composites.
The symbols represent the measured data whereas the lines correspond
to the obtained fit applying the Debye-Bueche model described by
equation.

In the separated curves with additional ZrCl4 already after milling a scattering
contribution in the interesting q range can be observed. The scattering structures
seem to remain stable upon further cycling. For the composites of initial LiH−MgB2

an increase of the scattering signal in the low q region is observed with further
sorption reactions, this is likely to be caused by larger structures like agglomerates
and such. Again, characteristic lengths on the scale of 1-3 nm are obtained.
From this analysis, it is assumed, that the formation of stable ZrB2 nanostruc-

tures takes place during milling (with additional ZrCl4) or upon cycling (with ad-
ditional Zr-iso).
Similar investigations were performed with V-based additives. Due to the poorer

detector sensitivity at the energy of the vanadium K-edge, only the scattering
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Sample correlation length Volume fraction ξβ (nm) ξα ( nm)

a (nm) Φβ
2LiBH4 + MgH2+0.1ZrCl4-absorbed 1.4 0.023 1.4 61
2LiBH4 + MgH2+0.1ZrCl4-desorbed 1.4 0.04 1.4 35
2LiBH4 + MgH2+0.1ZrCl4-milled 0.9 0.23 0.9 39
2LiBH4 + MgH2+0.1Zr-iso-absorbed 0.9 0.03 0.9 30
2LiBH4 + MgH2+0.1Zr-iso-desorbed 0.9 0.03 0.9 30
2LiH + MgB2+0.1ZrCl4-absorbed 1.6 0.023 1.6 70
2LiH + MgB2+0.1ZrCl4-desorbed 1.7 0.04 1.8 43
2LiH + MgB2+0.1ZrCl4-milled 1.8 0.04 1.9 45
2LiH + MgB2+0.1Zr-iso-absorbed 1.5 0.03 1.5 50
2LiH + MgB2+0.1Zr-iso-desorbed 0.8 0.03 0.8 27
2LiH + MgB2+0.1VCl3-absorbed 2.0 0.03 2.1 40
2LiH + MgB2+0.1VCl3-desorbed 2.4 0.03 2.5 60
2LiH + MgB2+0.1VCl3-milled 2.0 0.03 2.1 40

Table 3.2: Characteristic length obtained by fitting with the Debye-Bueche model

results from the sample set of LiH−MgB2 composites with 10mol% VCl3 could
be reliably analyzed. The results show a high similarity to those obtained for the
Zr-based additives. In figure 3.29 the scattering contribution of the V-containing
structures is shown. The symbols present the experimental data points whereas the
lines represent the modeled curve obtained by fitting equation 2.7. The resulting
correlation lengths are noted in table 3.2.
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Figure 3.29: ASAXS separated curves for LiH−MgB2 composites with 10mol%
VCl3 in the milled, absorbed and desorbed state.
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3 Results

For the broad shoulder in the samples containing Zr-iso as an additive, Fourier
transformation was performed to obtained the distance distribution function using
the GNOM program [75]. The fit and the corresponding distance distribution
function is shown in figure 3.30. This method has the advantage of displaying a
probability for maximum lengths present in the sample. It can be interpreted as a
type of a size distribution. The maximum is found around 2 nm and the maximum
length is at approximately 4 nm. This is in good agreement with the previously
reported characteristic lengths. The scattering data from the low q values was
neglected for this analysis.
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Figure 3.30: Separated ASAXS curve for LiH−MgB2 composites with 10mol% Zr-
iso in the absorbed state and the corresponding distance distribution
using the GNOM program

3.4.1.3 Location of the transition metal additives in LiH−MgB2 composites

The location of the additives is an important step towards the identification of
their effect on the sorption reactions. ASAXS and XANES measurements (see
section 3.4.1.2 and 3.4.1.1) indicated a formation of ZrB2 nanoparticles, but this
as well as their location in the composites need confirmation. Access to informa-
tion on the phase distribution is difficult due to the nanoscale character of the
composites in combination with light elements and high sensitivity to air and wa-
ter. First investigations in the micrometer size range were performed by scanning
electron microscopy (SEM). To obtain higher resolution and thus information on
the nanometer size range of the materials, transmission electron microscopy was
performed on as milled and cycled samples.
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3.4 Influence of additives in LiBH4–MgH2 and LiH–MgB2 composites

In figure 3.31 micrographs of desorbed LiBH4−MgH2 composite with 5mol%
TiCl3 and Ti-iso are presented. Figure 3.31(a) the SEM image displays a plate-
like structure with connections forming a three dimensional network of the sample.
Similar to the milled LiH−MgB2 composite, figure 3.1, a fractal structure can be
observed. Identification of the phases by EDX is not possible. From XRD patters
typical crystallite sizes of the MgB2 in the range of 50 nm are known. Similar, the
sample investigated by TEM, figure 3.1 (b) shows a plate like structure, but the
network structure can not be observed in this resolution. Phase separation occurs
on a scale smaller than 100 nm.

(a) SEM image (b) TEM image

Figure 3.31: SEM micrograph of desorbed LiBH4−MgH2 composite with additional
5mol% TiCl3 and TEM image of desorbed LiBH4−MgH2 composite
with additional 5mol% Ti-iso.

Further measurements on the cross-section of as milled LiH−MgB2 composites
with 10mol% ZrCl4 by SEM show very good homogeneity of a two phase mixture,
see figure 3.32. The dense coating at the top is the protective Pt layer. A significant
difference to the sample without additive can not be observed, for comparison see
figure 3.3.
The as milled LiH−MgB2 composites with 10mol% ZrCl4 are shown in more

detail in figure 3.33, where 3.33 (b) is the center of image (a) in higher resolution.
The faceted homogeneous part in the center of 3.33 (b) is a MgB2 crystallite of
approximately 150 nm width. This was confirmed by EDX and diffraction analysis.
The black spot at the upper right hand corner of this crystallite was identified to
consist of Iron, probably wear from the milling tools during synthesis.
By EDX analysis, a small region surrounding the MgB2 crystallite shows high

Zr and Cl concentration. This is presented in more detail by a high resolution
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3 Results

(a) as milled LiH−MgB2+0.1ZrCl4 composites

Figure 3.32: SEM image of the cross section of as milled LiH−MgB2 composite with
10mol% ZrCl4.

(a) overview (b) detail

Figure 3.33: TEM images of LiH−MgB2 composite with 10mol% ZrCl4 with (a)
overview and (b) detail.
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3.4 Influence of additives in LiBH4–MgH2 and LiH–MgB2 composites

micrograph in figure 3.34. On the right hand side the lattice planes of the MgB2

crystallites are visible. The amorphous region on the left hand side consist mainly of
Li. But the interface region shows high concentration of Zr. This region of about
2 nm thickness has an amorphous structure as well. This is on the same length
scale as the characteristic lengths determined from the ASAXS experiments. From
the previous measurements a composition of Zr and B phase and the formation of
LiCl is expected. Li as well as Cl is also detected in this region with the high Zr
concentration, but only little B. From this observation a formation of an amorphous
Zr-Cl-Li containing phase can be concluded.

Figure 3.34: High resolution TEM image of LiH−MgB2 composite with 10mol%
ZrCl4.

However, in another location of this sample, a diffraction pattern of crystalline
ZrB2 was identified, see figure 3.35. But since MgB2 and ZrB2 have the same
lattice structure and very similar lattice parameters, differentiation between the
two phases is difficult from the diffraction patterns.
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Figure 3.35: TEM diffraction image of crystalline MgB2, LiH and possibly ZrB2.

3.4.2 Light metal oxides and hydroxides as additives

The reaction kinetics of the materials were observed to vary in different laboratories.
Prepared in conditions with up to about 200 ppm oxygen, the reaction times of
the first desorption reaction of LiBH4−MgH2 composites was reduced to 3 hours
under otherwise identical conditions [76]. This is in contrast to the approximately
25 hours for the composites prepared in high-purity atmosphere with an oxygen
content below 25 ppm. To investigate the origin for this behavior, small amounts
of microcrystalline Mg- and Li-oxide and -hydroxide were added to the compounds
in a first approach [77]. Their effect is presented in the following section. A future
approach will be exposure of the pure composites prepared in high-purity conditions
to controlled amount of oxygen and water vapor.
The first desorption of the LiBH4−MgH2 composites with additional 5mol%

MgO (trace with black squares in figure 3.36) shows very similar properties as
the pure composite. For additional 5mol% Mg(OH)2 (trace with open circles in
figure 3.36) an approximately 30% longer incubation period is observed. During
the second desorption reaction the incubation period is even doubled in time com-
pared to the first desorption reaction (results not shown). Detailed investigation
by XRD revealed the formation of stable, microcrystalline MgO during the milling
for additional Mg(OH)2. During the second desorption reaction the incubation pe-
riod is even doubled in time compared to the first desorption reaction (results not
shown). Composites with additional Li2O and LiOH overcome of the incubation
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Figure 3.36: Volumetric measurements of the first desorption reactions of initial
LiBH4−MgH2composites with additional light-metal oxides and hy-
droxides. Measured under 4 bar hydrogen at 390 °C.

period (trace with the open triangles and stars, respectively) but exhibit extremely
slow reaction kinetics. Li2O and LiOH is observed in the XRD-patterns of the
milled composites but not anymore in the cycled composites. A reaction of the
Li2O with the hydride matrix is therefore assumed. The extremely slow reaction
kinetics indicate the formation of a reaction barrier, possibly due to this newly
formed phase.

3.4.3 Possible rate limiting nucleation of MgB2

One possible origin of the observed incubation period during the first desorption
reaction is restricted nucleation of MgB2. The incubation period could then be
overcome by additives supporting heterogeneous nucleation of this compound. In
the simplest case, this can be finely distributed MgB2. Therefore, MgB2 was added
to the initial compounds and investigated by volumetric measurements shown in
figure 3.37. Preparation method and quantity of the additive were varied as these
are parameters influence the distribution of the additive.
A significant influence can be observed especially when a fairly large quantity

(10mol%) of MgB2 (line with open circles) is added to the pre-milling of the MgH2.
The line with stars represents the sample where only 3mol% MgB2 was added to
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Figure 3.37: Kinetic measurements at 400 °C and 5 bar hydrogen of the first des-
orption reaction of LiBH4−MgH2 composites for the investigation of
heterogeneous nucleation with addition of final compounds.

the pre-milling of MgH2 and the line with the open circles represents the sample
where the 10mol% MgB2 was not pre-milled. The reference sample of the pure
composite is represented by the line trace. The lengthy incubation period observed
for the latter two samples suggest, that the distribution as well as the amount of the
additive is of importance. For these two samples, almost no deviation from the pure
sample was observed. For the sample with additional LiH, no incubation period
was observed (line with filled squares). The closest packed planes of MgB2 and LiH
show a small lattice misfit, a mandatory condition for heterogeneous nucleation.
Thus, Nucleation of MgB2 on LiH might explain the lack of the incubation period
with additional LiH. In general, no correlation between the sorption kinetics and
the initial crystallite size, estimated from the XRD scans by application of the
Scherrer formula, was found.
The strong effect of surplus final materials, such as LiH and MgB2, indicate,

that the nucleation of MgB2 could be a rate limiting step during the desorption
reaction. For a control test, the aim was to find an additive that shows a very
high lattice misfit to MgB2 and therefore does not support heterogeneous nucle-
ation of MgB2 or LiH during the desorption reaction. For the measurement CaB6

was chosen because of its chemical inertness and the large lattice misfit to MgB2.
Furthermore, its three dimensional network structure of boron-octahedra with Ca
centers is unlikely to support the layered MgB2 structure. During preparation it
was pre-milled together with the MgH2 to ensure good distribution. The results for
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the kinetic measurements for LiBH4−MgH2 composites with 10mol% additional
CaB6 is shown in figure 3.38 in comparison to the pure composite as a reference.
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Figure 3.38: First desorption of LiBH4−MgH2 composites with and without addi-
tional CaB6. Measured under 5 bar hydrogen at 400°C.

The reduced capacity origins from the relatively large amount of additional CaB6.
The incubation period is significantly reduced , though not vanished. The CaB6

does not react with the hydride matrix; in the XRD patterns the corresponding
reflections can be observed before and after the sorption reactions. The reduction
of the incubation period is suggested to be caused by a change of the microstruc-
ture during the milling process or a prevention of coarsening during the sorption
reactions, but this was not yet confirmed. The subject of nucleation and function
and mechanism of the additives is further discussed in section 4.2.
It is interesting to note, that the addition of MgB2 to the initial composite has

a positive influence on the first absorption reaction as well, see figure 3.39. This
might be due due to a stabilizing effect of the grain boundaries and prevention of
coarsening. Finer grain sizes imply shorter diffusion distances during the following
sorption reaction and thus lead to shorter reaction times.

3.5 Cycling of the composites
For practical applications, not only the sorption kinetics of the first desorption or
absorption reaction are important but also the materials behavior during further
sorption reactions is very important. Up to 5 sorption cycles were studies by volu-
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Figure 3.39: Kinetic measurements of the first absorption reaction of LiBH4−MgH2

composites for the investigation of heterogeneous nucleation during the
desorption reaction.

metric measurements and thermal analysis in the HP-DSC was performed for the
first two cycles for chosen composites.
As already noted in figure 3.18, the first absorption reaction after a previous

desorption shows faster kinetics in comparison to the milled powder. In figure 3.40
the first and second desorption reaction for the pure LiBH4−MgH2 composites are
shown.
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Figure 3.40: First and second desorption reaction of LiBH4−MgH2 composites,
measured at 400 °C and 5 bar hydrogen
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3.5 Cycling of the composites

The incubation period is almost overcome for the second desorption. But dur-
ing the second desorption of LiBH4 the reaction rate is lower than for the first
desorption reaction. For the second desorption the capacity is slightly reduced
to approximately 10wt%. XRD measurements reveal residual MgB2. This could
play an important role on the suppression of the incubation period. This idea is
discussed in more detail in section 3.4.3.
In figure 3.41 the first three cycles of LiH−MgB2 composites prepared in the des-

orbed state are shown for the desorption (3.41(a)) as well as the absorption reaction
3.41(b). The absorption reaction of the pure initial LiH−MgB2 composites remains
very similar with the ongoing cycling reactions. For these composites, already the
first desorption reaction does not show an incubation period. The gravimetric ca-
pacity with approximately 9wt% is below the theoretical value, possibly due to
unreacted MgB2. This could then overcome the incubation period during the des-
orption reaction. With further cycling a slight increase of the reaction rate of the
second step is noted.
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Figure 3.41: Cycling of pure LiH−MgB2 composites. Desorption at 400 °C, 5 bar
hydrogen and absorption at 350 °C and 50 bar hydrogen [78].

In figure 3.42 the first five sorption cycles for LiH−MgB2 composites with ad-
ditional 5mol% ScCl3 are shown. In comparison to the first absorption reaction
of the pure composites, the reaction with additive is much slower. Upon further
cycling, the sorption rates of the absorption reactions become much enhanced.
The desorption reaction shows already very fast reaction kinetics for the first

desorption in comparison to the pure composite. For the second and further des-
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orption reactions the reaction time is further reduced and shows higher reaction
rates for the second reaction besides increased capacity.
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Figure 3.42: Cycling of LiH−MgB2 composites with 5mol% ScCl3. Desorption at
400 °C, 5 bar hydrogen and absorption at 350 °C and 50 bar hydrogen
[78].

The cycling of the materials was also investigated by HP-DSC. In figure 3.43
the heating traces of the first and second desorption reaction as well as the first
absorption reaction of LiBH4−MgH2 composites with 5mol% VCl3 are shown. In
the investigated temperature range up to 475 °C the first desorption reaction (black
trace) shows all four endothermic events and the desorption of LiBH4, reaction D,
is apparently complete. The following absorption reaction (gray trace) under 50 bar
hydrogen displays two exothermic events. Upon cooling as well as during the next
heating (dotted trace), the distinct peaks of LiBH4 A and B were observed, proving
the reabsorption of hydrogen. The second desorption reaction (dotted trace) shows
very similar reactions A, B and C in comparison to the first desorption reaction,
but the onset temperature of reaction D is significantly lowered by approximately
15 °C and the reaction spreads over a larger temperature range. This indicates a
faster and earlier start of the reaction, maybe due to a lowered activation barrier
for the reaction, but also a lower reaction rate. Reaction D is also completed in
this experiment.
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Figure 3.43: HP-DSC measurements of LiBH4−MgH2 composites with 5mol%
VCl3 of the first desorption, absorption and second desorption with
5K/min, desorption under 3 bar hydrogen and absorption under 50 bar
hydrogen.

As already noted in section 3.2.2, the exothermic formation of MgB2 cannot
be observed by this method. However, MgB2 must form at one point, because
the reaction is completely reversible and formation of LiBH4 from the elements
is not possible under these conditions according to my and other measurements
[57,66,67].
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4 Discussion

In the following section, the experimentally obtained sorption reactions of LiBH4-
MgH2 composites are evaluated with respect to the reaction mechanisms and to
the origin of the kinetic limitations. The observed reaction steps are presented
in relation to the experimental parameters and their consequences are discussed.
Proposed reaction mechanisms and suggested rate limiting steps are compared to
other work on the RHC systems and the pure compounds LiBH4 and MgB2. The
emphasis is laid on the sorption reactions of LiBH4 and the formation of MgB2

rather than the sorption reactions of MgH2.
As a second point, the origin of the incubation period and function and mech-

anism of additives is discussed in detail. Transition-metal and light-metal based
additives have a strong influence on the reaction kinetics of the composites. More
detailed investigations on the chemical state, size and distribution were exemplarily
performed for Zr-based additives. How these various compounds with very different
chemical properties have a similar impact on the composites is discussed.
The last part focuses on the limitations in the reaction kinetics of the ongoing

sorption reactions. The results are evaluated by comparison of the obtained kinetic
curves to calculated functions of the reacted fraction with known rate limiting
processes. Conclusions on the rate limiting processes during the sorption reactions
in the composites are drawn.

4.1 Reaction mechanism in LiBH4−MgH2

composites
As described in section 3.2.3 two different reaction pathways were observed for the
desorption reaction of LiBH4−MgH2 composites. For experimental temperatures
of 400 °C and 5 bar hydrogen, i.e. below the equilibrium temperature of LiBH4 at
this pressure, the formation of MgB2 is suggested to take place simultaneously to
the desorption of LiBH4. In in-situ XRD measurements the formation of MgB2 and
a significant rise in pressure was measured simultaneously (see figure 3.15). The
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experimental conditions are similar to those in the isothermal volumetric measure-
ments and they are illustrated as point A in the van’t Hoff plot of the composites
and the individual compounds in figure 4.1.
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Figure 4.1: Van’t Hoff plot of the LiH−MgB2 composite [14] as well as the pure
compounds LiBH4 decomposing directly into LiH, B and H2 [57] or into
Li2B12H12, LiH and H2 [60, 79] and MgH2 [64] (mean value of ab- and
desorption).

The desorption reaction is then suggested to proceed in two steps along the
following pathway:

2 LiBH4 + MgH2 −→ 2 LiBH4 + Mg + H2 −→ 2 LiH + MgB2 + 4 H2 (4.1)

Here, the reaction enthalpy is effectively lowered, because release of hydrogen
from LiBH4 takes place below its thermodynamic equilibrium temperature for the
applied pressure. The applied hydrogen back-pressure suppresses the decomposition
of LiBH4 into LiH, B and H2 as well as into Li2B12H12, LiH and H2 and thus
facilitates the formation of MgB2. The intermediate formation of metallic Mg was
also observed for other MgB2 forming RHCs [15, 80]. The onset temperature of
the desorption of MgH2 in the volumetric measurements (see figure 3.9) matches
approximately the equilibrium temperature of MgH2 for the applied pressure.
With large heating rates and high final temperatures, the conditions applied for

example in DSC measurements, conditions below the equilibrium pressure of pure
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–MgH2 composites

LiBH4 are realized, illustrated as point B in figure 4.1. Then individual desorption
of the two hydrides MgH2 and LiBH4 is observed in in-situ XRD experiments with
pressure recording (see figure 3.16). The formation of MgB2 is shifted to higher
temperatures.
Under such high temperature and low pressure conditions, the partial decompo-

sition of LiBH4 into amorphous Li2B12H12 is suggested, because it was proposed
and experimentally verified for the decomposition of the pure compound [60–62].
The formation of Li2B12H12 was calculated to lower the reaction enthalpy for the
desorption of pure LiBH4 by approximately 20 kJ/mol H2 [60,79], illustrated by the
dotted line in figure 4.1. Brampton et al. have measured the formation of amor-
phous Li2B12H12 in cycled LiBH4−MgH2 composites by Raman spectroscopy [81].
Their desorption measurements were performed under a low argon pressure and
neither the formation of MgB2 nor the reabsorption to LiBH4 was observed.
Presence of Li2B12H12 in cycled LiBH4−MgH2 composites was also found by solid

state NMR spectroscopy by Bowman et al. [82]. They investigated the samples pre-
pared at HRL laboratories [14] by heating to 350 to 400 °C in closed volumes and
therefore final pressure of several bar hydrogen. Purewal et al. [83] have confirmed
the formation of Li2B12H12 for the LiBH4−ScH2 system, but since no ScB2 was
formed in the desorbed state, the thermodynamics and reaction mechanism of the
LiBH4 is expected to remain unchanged. It is likely that the intermediate formation
of the [B12H12] 2 – anion hampers the formation of MgB2 despite a high thermody-
namic driving force. The inactivity of the [B12H12] 2 – anion is due to the symmetric
icosahedral structure with small contact surfaces. The structure is illustrated in
figure 4.2.
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Figure 4.2: Structure of the [B12H12] 2 – anion
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Regarding the reaction kinetics, a subsequent formation of pure boron is likely,
because the icosahedral structure of pure α-Boron is very similar to the structure
of the [B12H12] 2 – anion [84]. The formation of MgB2 would then proceed from the
elements and would thus have to cope with the same kinetic limitations as they are
observed for the synthesis of the superconductor materials. Synthesis of MgB2 for
superconductor applications usually takes place through the liquid or gas phase of
Mg [85,86], at temperatures above 600 °C with a lowest observed onset temperature
of the reaction of 440 °C for nanocrystalline starting materials [87].
The desorption reaction in the composites under low hydrogen pressures and

elevated temperatures is therefore likely to proceed partially along the following
pathway:

2 LiBH4 + MgH2 −→ 2 LiBH4 + Mg + H2 −→ 5
3 LiH + 1

6 Li2B12H12 + Mg + 19
6 H2

(4.2)
−→ 2 LiH + 2 B + Mg + 4 H2 −→ 2 LiH + MgB2 + 4 H2

In contrast to this reaction mechanism, Yu et al. [88] observed the formation of
a Li-Mg alloy beside the formation of MgB2 during the desorption reaction after
heating their samples up to 600 °C, but this was not reproduced by other groups.
LiH is know to decompose only above its melting point of 689 °C, the observation
of a Li-Mg alloy below this temperature is therefore surprising. Early publications
by Schlesinger et al. [89] and early investigations of Züttel et al. [58,59,69] propose
the decomposition via the intermediate formation of LiBH2, but the formation of
this phase was not confirmed experimentally.
The unidentified diffraction maxima, that are observed during the in-situ XRD

measurements, see sections 3.2.3 and 3.3.3, could be due to an intermediate phase.
But they appear at various positions for the different measurements and can not be
matched to any of the proposed intermediate compounds from [55,58–60,90,91].
The performed experiments reveal a strong dependency of the desorption reaction

on the experimental parameters. Below the equilibrium temperature of LiBH4, the
formation of MgB2 is suggested to take place directly without any formation of
Li2B12H12. This assumption was not yet verified, but first Raman measurements
of isothermally desorbed samples at 400 °C and 5 bar hydrogen give no indication
for the presence of a Li2B12H12 phase.
Formation of MgB2 upon desorption was observed to be the key issue for re-

versibility. Rehydrogenation to LiBH4 under moderate temperatures and hydrogen
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pressure is only possible if the desorption products were LiH and MgB2. From
the desorption products LiH and Mg obtained in vacuum, only rehydrogenation
of Mg to MgH2 is possible [54] under moderate conditions such as 100 bar hydro-
gen at 350 °C. The formation of hexaborides like CaB6 or CeB6 upon desorption
in other RHC systems shows improved reaction kinetics but the kinetics of the
rehydrogenation reaction are minor in comparison to the reabsorption of from the
diboride [92]. This is probably related to the layered hexagonal crystal structures of
the diborides in comparison to three-dimensional network forming boron-structures
of the hexaborides. The network structure is favorable during the desorption but
is detrimental during the absorption reaction because of its lower reactivity. This
observation supports the key-role of the chemical and structural state and of the
boron for the absorption reaction. Pure amorphous B as well as boron integrated in
network structures like in polyhedral B and in borane phases is kinetically inactive
and its formation needs to be avoided. Relatively weakly bound B as in MgB2 or
LiB3 is observed to enhance the absorption reactions [12,67].
The onset temperature of the absorption reaction of LiH−MgB2 composites under

50 bar hydrogen is observed in the HP-DSC for temperatures as low as at 250°C,
see figure 3.19.

4.2 Function and influence of the additives

In section 3.4 the substantial influence of additives was reported. The effect is not
only observed for transition metal based additives or “typical” additives for com-
plex hydrides such as TiCl3 but also for transition-metal- and light-metal-oxides
and surplus material of final products like MgB2 and LiH. The additives do not
only influence the first sorption reactions but enhance and stabilize the improved
reaction kinetics upon further cycling. To identify the mechanism by which the
additives improve the reaction kinetics, the chemical states and sizes were investi-
gated exemplarily for Zr-based additives by means of XANES and ASAXS (section
3.4.1.1). The results show a formation of stable ZrB2 during milling or the heating
of the first sorption reaction. The average size of these Zr-containing phase was
determined to be in the range of several nm, only. The formation of borides is
considered to be representative for the transition metal chlorides and isopropoxides
as additives, because the transition metal borides are thermodynamically very sta-
ble. The origin of the incubation period and the delayed onset of the desorption
reaction of LiBH4 is therefore proposed to be related to the nucleation of MgB2.
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In the following, the ability of transition-metal borides to support heterogeneous
nucleation of MgB2 and their role as a grain refiner during the sorption reactions
are discussed.
In a first approach, the critical radii of nucleation are estimated to be very small

due to the high driving force of the overall reaction. However, there are two new
crystalline phases that have to be formed during the desorption reaction, namely
LiH and MgB2. Therefore the overall reaction enthalpy as a driving force is split
up for the formation of the two phases. A formation of two new phases leads also
to the formation of two new interfaces which has to be considered in the inter-
facial contribution. Furthermore, the compounds in the composites exist only in
stoichiometric concentrations, high ordering energies are thus implied. Considering
the presently available data, a good estimation of the driving force and critical
radius for nucleation for the individual compounds is not possible.
A necessary condition for heterogeneous nucleation is a low interfacial energy.

The interfacial energy is dominated by the strain caused by the lattice misfits at
the interface. Therefore a low interfacial energy is primarily achieved by a small
lattice misfit of the closest packed planes of the two phases. Chemical contributions
play a secondary role. For the present material couples, there is no data available
for the interface energies. However, the lattice misfit can be estimated from the
crystal structures of the phases. The lattice misfit of the metal atoms in the closest
packed plane of various additives and participating compounds are noted in table
4.1 [93]. A good distribution and a sufficient amount of the nucleation agents are
mandatory for efficient heterogeneous nucleation.
Several observations support the crucial role of nucleation of MgB2. The observed

incubation period for the pure composites is striking and must be related to a time-
independent process. This excludes, e.g., diffusion or hydrogen recombination and
hints towards complicated nucleation of the newly forming phases.
The XANES measurements reveal the formation of ZrB2 upon milling or cycling

of the composites (see section 3.4.1.1). MgB2 and ZrB2 have the same hexagonal
lattice structure and very similar lattice parameters, therefore a support of MgB2

nuclei on ZrB2 is given, see table 4.1. The reaction of the Zr-based additives with
the composite material to form the boride leads to a very fine distribution. The
phase itself can not be detected by XRD. Additionally, ASAXS measurements and
TEM images of samples with Zr-based additives show a nanometer scaled formation
of a Zr-phase surrounding MgB2 (see section 3.4.1.2 and 3.4.1.3).
TiB2 precipitations in Ti doped MgB2 were observed by TEM in the grain bound-

aries as well as in the matrix [94, 95]. In analogy, a location in the grain bound-
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Compound Plane Misfit in %
Mg {0001} 3.7
LiH {111} 6.5
MgO {111} 3.5
Mg(OH)2 {001} 2.2
Li2O {100} 15.5
LiOH {100} 16.8
TiB2 {0001} 1.8
VB2 {0001} 2.9
ZrB2 {0001} 2.7
CaB6 {100} 62.5

Table 4.1: Calculated lattice misfits between the {0001}basal-plane of MgB2 and
the closest packed planes of the named compound.

aries of the newly formed ZrB2 nanoparticles in the composites is likely because
the sorption reactions involve complex phase transformations with significant mass
transport, which could sweep the precipitates into the grain boundaries. This is
supported by XPS and TEM results obtained for as milled LiH−MgB2 composites.
XPS measurements on cycled composites with additional Ti-iso revealed no Ti at
the surface of the particles [96]. In the grain boundaries, they could function as
grain refiners and support the heterogeneous nucleation. A similar crystallite size
was deduced from the XRD patters after each sorption reaction, but the role of the
additives as a grain refiner needs to be further confirmed.
The addition of surplus MgB2 to LiBH4−MgH2 composites leads to a similar

sorption behavior as with additional transition-metal based additives. This indi-
cates a similar mechanism. Since MgB2 is one of the reaction products, the effect
is expected to be physical rather than chemical. The experiments have also shown,
that a certain amount of surplus MgB2 is necessary and that a good distribution is
crucial for the enhancement of the reaction (see figure 3.37).
A catalytic effect on the hydrogen interaction of a transition-metal boride is

unlikely. The charge free surfaces of the mainly covalently bonded material leads
only to small interaction with hydrogen gas [97,98].
The proposition is further supported by a detailed in-situ neutron diffraction

study on pure and TiCl3 catalyzed NaAlH4 by Singh et al. [99]. They found the
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grain size to be stable during the sorption reactions for the samples with additive,
while the pure samples showed significant coarsening. They propose a positive
effect of NaCl on heterogeneous nucleation of NaH because of large agreement of
the crystal lattices. Thus, an important role of the additive as a grain refiner in
NaAlH4 is concluded.
As a rule of thumb, lattice misfits below 5% are expected to support heteroge-

neous nucleation of the newly forming phase, but in specific cases more stringent
requirements have to be met. Regarding the calculated lattice misfits in table 4.1,
metallic Mg would be expected to support heterogeneous nucleation of MgB2 and
therefore no incubation period should be observed at all. However, a lattice misfit
greater than 2% cannot be overcome by elastic deformation in ceramic-like mate-
rials like MgB2. Thus, dislocations would have to be included during the growth.
This would lead to a significant increase of the interfacial energy, because the square
of the dislocation density contributes to the interfacial energy.
Typically the nucleation occurs at ledge positions. Therefore, not only the misfit

to the basic plane is important, but also the third dimension of the growing phase
needs to match the ledge. The misfit of the c-axis of Mg and MgB2 is large, therefore
high energy releasing this misfit in dislocations would be necessary. Furthermore,
metals with a relatively low energy of fusion are known to be poor substrates for
nucleation [100].
Similar, a large misfit in the third dimension was observed for MgO and MgB2.

For the transition metal borides, the third-dimension misfit can be neglected, be-
cause the borides were observed to be present as nanoscaled structures.
A further indication, why borides facilitate the formation of MgB2 in contrast to

metallic Mg might be the valence state. The bonding of Mg to the boron layers in
MgB2 is ionic, therefore the interaction between metallic Mg and boron is likely to
be weak. For the formation of MgB2 the metallic Mg needs to be ionized.
It should also be pointed out, that by proposing the nucleation of MgB2 being

a rate limiting step, the high kinetic stability of LiBH4 may be neglected. LiBH4

has a determined equilibrium temperature of 370 °C at one bar hydrogen which
means a decomposition approximately 100 °C above the melting point [57]. The
origin for the high stability was related to charge transfer from the cations of
the BH –

4 tetrahedron [101]. Theoretical calculations relate the stability of the
LiBH4 compound to the perfect symmetry [102] of the BH –

4 tetrahedron [103–106].
This ideal configuration was experimentally confirmed by the diffraction studies of
Hartman et al. [107] and Renaudin et al. [108]. Du et al. [104] investigated the role
of the charge distribution, e.g., lithium vacancies in the (010) surface during the
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dehydrogenation of LiBH4 by ab initio density functional calculations. For such
vacancies they found a significant weakening of the B−H bonds in the surrounding
BH –

4 complex and reduction the activation energy for hydrogen recombination by
more than one half. Their studies show an increase of distortion of the tetrahedron
with a decrease of charge. LiBH4 is liquid at the desorption temperature, thus
many Li vacancies are expected to be present. Still, the study indicates, that
destabilization can be achieved by a change in the local charge distribution. And
indeed, by substituting/mixing LiBH4 with Mg the onset temperatures for the
dehydriding reactions is lowered [66].
Considering these studies, the positive effect of the transition-metal based ad-

ditives could also be caused by an influence on the local charge distribution in
LiBH4. The observed transition-metal borides are unlikely to change the charge
distribution but the reaction of the additives with the hydride matrix changes the
stoichiometry of the system and thus may lead to changes in the charge distribu-
tion. However, this hypothesis does neither explain the origin of the incubation
period nor the change in the reaction kinetics with additional MgB2 or LiH.
Barkhordarian [109] suggested the formation of a thin barrier of Li2B12H12 at

the interfaces between Mg and LiBH4 from defect sites. The chemical inertness of
the [B12H12] 2 – anions could prevent the interaction of B with Mg and thus further
delay the nucleation of MgB2. However, this proposition needs to be experimentally
verified.
Regarding the obtained results in general, a fundamental role of the additives as

grain refiners and support for heterogeneous nucleation is likely.

4.3 Rate limiting processes during the sorption
reactions

For the progress of the sorption reactions not only the limiting process at the onset
of the reaction is important but also the rate limiting processes during the reactions.
This is addressed the following section by comparison of the reacted fractions to
calculated curves with known rate limiting processes. Qualitative conclusions on
the dominating reaction mechanism are drawn. Pure composites and Zr doped
composites are in the focus of the present analysis.
In figure 4.3 the volumetric measurements of the first sorption reactions of pure

composites are shown again. From these measurements the transformed fraction
α(t) is obtained by normalization.
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Figure 4.3: Sorption kinetics of pure LiH−MgB2- [78] and LiBH4−MgH2 compos-
ites .

The applied models can be divided in three main groups [110]. An overview over
the applied equations and a short description is given in table 4.2. In a first model,
the transformed fraction α(t) is directly proportional to time. This is the case for a
constant reaction rate, which can be found, e.g., for the chemisorption of hydrogen
or a non-adherent product film.
The second group describes the growth of existing nuclei by the Johnson-Mehl-

Avrami (JMA) correlation. Nucleation occurs randomly in the bulk of the material.
The growth can be controlled by an interface reaction, leading to a constant in-
terface velocity or by a diffusion controlled growth mechanism with a decelerating
interface velocity. This group is relatively independent of size and distribution of
the reacting particles.
The third group describes the growth of a new phase from the surface to the

center of a volume, they are called contracting volume models. Here, an existing
thin layer of reacted material on the surface grows inwards. The reaction itself can
be again interface or diffusion controlled.
The transformed fraction α(t) in correlation to time is calculated by normaliza-

tion from the measurements. This calculated transformed fraction is then substi-
tuted in the equations. The equations are formed in such a way, that if the assumed
process limits the reaction, a linear behavior with time should be observed. The
quality of the match is judged by the agreement to a linear fit, the correlation
coefficient R must be close to 1 and the passing of the linear fit through zero.
These equations were originally derived to describe the reaction kinetics of solid

state reactions of single particles but have been successfully adapted to powder par-
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Model equation Rate limiting process Label

α(t) = k · t
linear correlation to time, surface
controlled alpha

[− ln (1− α(t))]1/2 = k · t
two dimensional growth of random
nuclei with constant interface velocity JMA-2D

[− ln (1− α(t))]1/3 = k · t
three dimensional growth of random
nuclei with constant interface velocity JMA-3D

[− ln (1− α(t))]2/3 = k · t
three dimensional growth of random
nuclei with decreasing interface
velocity, diffusion controlled

JMA-3D-
DiffControl

1− (1− α(t))1/2 = k · t
two dimensional growth of a
contracting volume with constant
interface velocity

CV-2D

1− (1− α(t))1/3 = k · t
three dimensional growth of a
contracting volume with constant
interface velocity

CV-3D

1− (1− α(t)) 2/3 = k · t

three dimensional growth of a
contracting volume with decreasing
interface velocity, diffusion controlled,
no significant change in volume

CV-3D-
diffControl

(ε− [1 + (ε− 1)α(t)]2/3

− (ε− 1) [1− α(t)]2/3)
/(1− ε) = k · t

three dimensional growth of a
contracting volume with decreasing
interface velocity, diffusion controlled,
with the product-to-reactant-volume ε

CV-3D-
diffControl
[volume
corrected]

Table 4.2: Kinetic model equations and descriptions [111,112].

ticles and metal hydrides [110–115]. Mintz et al. [111,113] investigated the influence
of particle size distribution, particle shape distributions and time distributions for
hydriding kinetics of powders for the contracting volume models. They varied these
parameters in calculations and determined the boundaries, within which these mod-
els can be applied on real powder materials. Only for transformed fractions up to
about α ≈ 0.5 − 0.6 they found the deviations to be small. Thus, the obtained
curves are only evaluated to this value in the following analysis.
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Condition for all growth models is the presence of nuclei or constant nucleation
rate. For the contracting volume models, this means a reacted layer on the contract-
ing volume. This layer must be thin compared to the overall reacting volume. The
volume change between the desorbed and the hydrided state cannot be neglected,
since the hydrides take up approximately twice the volume of the desorbed state.
Therefore the more complex contracting volume model with decelerating interface
velocity has to be used. Meaningful analysis of the data is only possible, if the
time spread for the initiation of the reaction on each of the particles composing the
powder is small.
It is emphasized, that the reactive hydride composites are not simple binary solid-

gas systems but complex reactions with four phases in equilibrium and significant
mass transport other than hydrogen takes place. Therefore the validity of these
models cannot be assumed a priori. However, a well matching model indicates,
that a similar processes might limit the reaction.
During the volumetric measurements, a pressure change is measured. Therefore

the kinetic curves describe the ab- or desorption of the composite. In case of the ab-
sorption reaction the formation of MgH2 and LiBH4 is related to the decomposition
of MgB2 and LiH. This means, that the reaction kinetics can also be dominated by
the decomposition reactions or the formation of a new compound. During the des-
orption reaction the decomposition of LiBH4 is not necessarily directly connected
to the formation of MgB2. Because of the two step character of the desorption
reaction, only the second step associated to the desorption of LiBH4 is considered.
Furthermore, the first sorption reactions of the composites are neglected and only
cycled samples evaluated.
In figure 4.4 (a) the F (α) are calculated for the first absorption reaction of LiBH4-

MgH2 composites using the models and equations described above. In figure 4.4 (b)
the F (α) are calculated for the first absorption reaction of LiH−MgB2 composites.
For both composites a contracting volume model shows the most linear behavior
with time. In case of the initial LiBH4−MgH2 composites the reaction appears to
be dominated by an interface reaction whereas the reaction in initial LiH−MgB2

composites seems to be dominated by the transport process.
In figure 4.5 the calculated F (α) of a desorption reaction after a previous absorp-

tion reaction are shown. For initial LiBH4-MgH2 composites in figure 4.5(a) and
for initial LiH−MgB2 composites in figure4.5 (b).
Independent of the initial preparation steps desorption reactions of the pure

composites proceed linear with time. This indicates a constant reaction rate.
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Figure 4.4: Calculated F (α) using equations of table 4.2 of the first absorption
reaction of LiBH4−MgH2 composites (a) and LiH−MgB2 composites
(b).
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Figure 4.5: Calculated reacted fraction using equations of table 4.2 of the second
step of the second desorption reaction of LiBH4−MgH2 composites (a)
and the first desorption reaction of LiH−MgB2 composites (b).

The obtained correlations seem to be representative for all investigated sorption
reactions. In table 4.3 the most correlating model is named for all investigated
composites and reactions.
The results indicate, that a similar reaction process dominate the sorption re-

actions for all composites, independent of the additive and the initial preparation
state, although the reaction times are much different. Most of the analyzed desorp-
tion reactions correlate well with a linear progress of the reaction. For all absorption
reactions, a good agreement with a contracting volume model was observed.
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initial composite Desorption Absorption

LiBH4−MgH2 alpha
CV 3D, CV 3D diffusion

control

LiH−MgB2 alpha CV 3D diffusion control

LiBH4−MgH2-Zr-iso alpha CV 3D diffusion control

LiH−MgB2-Zr-iso alpha CV 3D diffusion control

LiBH4−MgH2−ZrCl4 CV 3D diffusion control CV 3D

LiH−MgB2−ZrCl4
alpha, CV 3D diffusion

control
CV 3D diffusion control

LiBH4−MgH2−MgB2 alpha, CV 2D, CV 3D CV 3D

LiBH4−MgH2−LiH alpha CV 2D

Table 4.3: Models best describing the reaction kinetics in reactive hydride com-
posites with Zr additives

For simple binary hydrides, a linear correlation of the transformed fraction dur-
ing the desorption could mean that recombination of hydrogen molecules at the
constant surface is the rate limiting process. However, in the reactive hydride com-
posites the presence of constant surface areas is unlikely, because the reactions are
accompanied by significant volume change and the formation of additional phases.
Furthermore, the particle size of undoped material was observed to increase by a
factor of four during the first desorption reaction.
Another possible explanation for the observed constant rate relationship could

be chipping off of the newly formed MgB2. The ratio of the molar volumes of
MgB2 to Mg is 1.26. This discrepancy leads to strains, which can be released by
breaking off of the newly formed phase. In this case the growth of the phase no
longer limits the process but the nucleation of the new phase. A linear nucleation
rate then leads to a linear relation between the transformed fraction and time. As
it was discussed in section 4.2 the additives are assumed to positively influence the
nucleation process, which leads to significantly lowered reaction times. This process
could be regarded as an analogy to the breakaway oxidation of metals, i.e. iron,
where a linear correlation to time is observed.
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For absorption reactions a contracting volume model showed the most linear
behavior with time in all analyzed cases. For some reaction the process appears to
be interface controlled, in others a decreasing interface velocity due to transport
processes can be deduced, see figure 4.4. However, it is well possible that these
processes are overlapping, in the early stage the interface reaction limits the progress
and in later stages diffusion becomes the limiting process because of the increasing
diffusion paths. This is in good agreement with the work byWan et al., who describe
the absorption reaction by a diffusion controlled contracting volume model [68].
During the absorption reactions MgB2 and LiH need to decompose and form

LiBH4 and MgH2, transport processes including B or Mg and Li have to take
place besides hydrogen diffusion. The mobile species was not yet identified for the
reactive hydride composites, but in pure MgB2 in the superconductor science, Mg
was identified as the mobile species [116–118]. It is therefore likely, that the MgB2

crystallites are the contracting volume and Li, Mg and hydrogen the mobile species.
Hydrogen and Ion diffusion in LiH and LiBH4 is fast in comparison and should not
limit the reaction progress [119–121]. From the knowledge of previous work with
pure nanocrystalline Mg [112], it is not likely, that the formation of MgH2 is the
rate limiting process of the reaction kinetics.
The reactivity and mobility of the present boron and boron compounds is thus

regarded as a key issue for the sorption kinetics.
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5 Summary and outlook

In the present work, synthesis and characterization of novel Reactive Hydride Com-
posites was performed. Thermodynamic, kinetic and structural investigations of
the ongoing sorption reactions and the materials themselves were performed on
LiBH4−MgH2 composites. Because of the exothermic formation of MgB2 in the
desorbed state, these composites show a reduced overall reaction enthalpy in com-
parison to the pure hydrides while the storage capacity remains high at 11.4wt%.
Therefore these materials offer promising properties as hydrogen storage materials
for mobile applications. However, strong kinetic limitations were observed in the
reactions so far.
The experiments revealed a strong dependency of the reaction mechanism on

the experimental parameters. By volumetric measurements and in-situ XRD mea-
surements a two step reaction with intermediate formation of metallic Mg was
identified for the desorption reaction. Two possible routes were observed for the
further desorption of LiBH4 by in-situ XRD with an integrated pressure transducer.
Simultaneous desorption of LiBH4 and formation of MgB2 was observed for samples
kept at temperatures below the thermodynamic equilibrium temperature of LiBH4.
Such conditions can be, e.g., 400 °C and 5 bar hydrogen pressure, as they were ap-
plied for the isothermal volumetric measurements. Under low hydrogen pressures
and heating ramps to temperatures above 400 °C or isothermal measurements at en-
hanced temperatures above the equilibrium temperatures of LiBH4, the desorption
of LiBH4 and the formation of MgB2 was observed to take place separately.
Under these conditions, an individual decomposition of LiBH4 into LiH, B, H2

and partial formation of Li2B12H12 is suggested, because it was observed for the
pure LiBH4 [61, 62] as well as for the composite [81, 82]. The formation of this
highly symmetric molecule and pure B can explain the delay for the formation
of the MgB2. For samples prepared under isothermal conditions with a higher
hydrogen back-pressure, first Raman measurements do not give any indication for
the presence of Li2B12H12. The formation of MgB2 is proposed to proceed directly
from the desorption of the LiBH4. However, this proposition needs to be confirmed
in further measurements by methods sensitive to amorphous phases.
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5 Summary and outlook

For the pure composites, a lengthy incubation period is observed between the two
steps of the desorption reaction. The delayed onset of the desorption of LiBH4 is
suggested to relate to limited nucleation of MgB2. Significantly reduced incubation
periods are observed with addition of surplus amounts of the final reaction products,
transition-metal based additives and continued cycling of the material.
Doping of the composites with additives can have a large beneficial effect on

the sorption kinetics. For example, the addition of transition-metal isopropoxides
lowers the onset temperature of the reaction and the reaction times for the first
desorption are reduced by an order of magnitude to about 2 hours. The intermediate
formation of metallic Mg remains, though, under the applied conditions.
Detailed investigations performed exemplarily on Zr-based additives by X-ray

absorption spectroscopy and anomalous small angle X-ray scattering revealed the
formation of finely distributed ZrB2 nanostructures upon milling or cycling. A role
of a chemical catalyst of these structures is rather unlikely. Its key issue seems to
be support for heterogeneous nucleation of MgB2 and grain refinement during the
ongoing reactions. However, this needs to be further confirmed by in-situ XRD
by comparison of the crystallite size evolution during the sorption reactions of
pure and composites with additives. A cross-check for the role of heterogeneous
nucleation was addressed with additional CaB6. This compound has a high lattice
misfit to the basal plane of MgB2 and does not react with the composites. In the
experiment, the incubation period was still present, though reduced. The shortened
incubation period might be due to microstructural effects and indicates multiple
effects of the additives. The location of the additive in general has to be confirmed
by microscopic means such as TEM, not only in the initial as-milled state but also
after cycling.
The absorption reaction appears to be single step with a simultaneous formation

of MgH2 and LiBH4. It occurs under moderate temperatures and pressures of
50 bar hydrogen with an onset of the reaction around 250 °C. The experimental
conditions for this reaction were not optimized, yet. No severe kinetic limitations
were observed for this reaction. The absorption reaction can also be influenced by
the additives to proceed completely within few hours.
Qualitative characterization of the rate limiting process during the ongoing sorp-

tion reaction was addressed by comparison to models with known rate limiting
processes. The reaction mechanism remains similar with addition of the additives.
For the desorption reaction a linear correlation of the transformed fraction was ob-
served while for the absorption reaction a contracting volume appears to describe
best the ongoing processes. The linear correlation to time for the desorption pro-
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cess is possibly related to the formation and breaking away of newly formed MgB2,
similar to the breakaway corrosion on iron. The contracting volume in the absorp-
tion reaction is suggested to relate to the consumption of MgB2. However, this is
a qualitative description, for quantitative modeling of the ongoing processes, the
exact reaction mechanism and the mobile species have to be identified. The use
of the isotope effect is a powerful tool for the identification of mobile species and
should be used in further measurements. Knowledge of the dominating transport
processes during the reactions contributes to a better understanding of the ongoing
processes and will further allow directed improvement of the reaction kinetics.
Significant improvement of the sorption kinetics in LiBH4−MgH2 reactive hydride

composites was achieved by addition of transition-metal based additives. Detailed
investigations have shown the formation of nanoscaled transition-metal borides for
these additives. Their large beneficial effect is proposed to relate mainly to nu-
cleation and grain refinement during the sorption reactions. However, for mobile
applications in combination with a PEM fuel cell the reaction rates still need to be
increased and the reaction temperatures lowered.
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