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ABSTRACT OF THE DISSERTATION
STRUCTURAL CHARACTERIZATION OF METAL HYDRIDES
FOR ENERGY APPLICATIONS
by
Lyci George
Florida International University, 2010
Miami, Florida
Professor Surendra K. Saxena, Major Professor

Hydrogen can be an unlimited source of clean energy for future because of its
very high energy density compared to the conventional fuels like gasoline. An efficient
and safer way of storing hydrogen is in metals and alloys as hydrides. Light metal
hydrides, alanates and borohydrides have very good hydrogen storage capacity, but high
operation temperatures hinder their application. Improvement of thermodynamic
properties of these hydrides is important for their commercial use as a source of energy.
Application of pressure on materials can have influence on their properties favoring
hydrogen storage. Hydrogen desorption in many complex hydrides occurs above the
transition temperature. Therefore, it is important to study the physical properties of the
hydride compounds at ambient and high pressure and/or high temperature conditions,
which can assist in the design of suitable storage materials with desired thermodynamic
properties.

The high pressure-temperature phase diagram, thermal expansion and
compressibility have only been evaluated for a limited number of hydrides so far. This

situation serves as a main motivation for studying such properties of a number of



technologically important hydrides. Focus of this dissertation was on X-ray diffraction
and Raman spectroscopy studies of Mg,FeHs, Ca(BH4),, Mg(BH4),, NaBH,, NaAlHy,
LiAlH4, LiNH,BH;3 and mixture of MgH, with AlHj3 or Si, at different conditions of
pressure and temperature, to obtain their bulk modulus and thermal expansion
coefficient. These data are potential source of information regarding inter-atomic forces
and also serve as a basis for developing theoretical models. Some high pressure phases
were identified for the complex hydrides in this study which may have better hydrogen
storage properties than the ambient phase. The results showed that the highly
compressible B-H or AI-H bonds and the associated bond disordering under pressure is
responsible for phase transitions observed in brorohydrides or alanates. Complex
hydrides exhibited very high compressibility suggesting possibility to destabilize them
with pressure. With high capacity and favorable thermodynamics, complex hydrides are
suitable for reversible storage. Further studies are required to overcome the kinetic
barriers in complex hydrides by catalytic addition. A comparative study of the hydride
properties with that of the constituting metal, and their inter relationships were carried out

with many interesting features.
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Figure 11. 6: The micro XRD patterns of mixture of AIH; and MgH, collected at
various pressures and room temperature. Abbreviations: bh- before heating, ah-
after heating.

Figure 11. 7: The XRD pattern from decompressed sample at room temperature
after heating under pressure up to 9 GPa matched with peaks corresponds to MgH»
(shorter lines) and Al (longer lines).

Figure 11. 8: XRD patterns of Mg(AlH4), containing LiCl (marked *) at some
selected pressures.

Figure 11. 9: Raman spectra of the 2AIH3;+ MgH, mixture collected at various
pressures in comparison with the Raman spectra of Mg(AlHy), .
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Figure 11. 10: Raman spectra of Mg(AlH4), collected at various pressures.
Spectrum marked * is of the decompressed sample and ‘ah’ abbreviates after
heating.

Figure 11. 11: (a) The XRD pattern of the mixture of Si and MgH, in comparison
to that of pure components. (b) Raman spectra of MgH,+ Si mixture before and
after heating at 0.5 GPa and 600 °C and that of pure Mg,Si; bh and ah abbreviates
before and after heating, respectively.

Figure 12. 1: Comparison of molar volume of binary hydrides and corresponding
metal.

Figure 12. 2: Molar volume of Li containing hydrides versus the element sum [70,
71,73, 83, 170, 247-249].

Figure 12. 3: A comparison of entropy versus molar volume of metals and metal
hydrides. Subscript M denotes metal and MH denotes metal hydride.

Figure 12. 4: Plots of entropy of binary metal hydrides versus that of corresponding
metals.

Figure 12. 5: Plot of specific heat of various binary metal hydrides versus that of
the host metal. The dotted line corresponds to the specific heat of metals.

Figure 12. 6: A comparison of molar volumes (cm’/mol) of various alkali hydrides
with that of the corresponding host metals.

Figure 12. 7: Variation of entropy with molar volume of various hydrides [62, 249-
253].

Figure 12. 8: The variation of hydrogen content versus molar volume for the rare-
earth metal hydrides.

Figure 12. 9: The variation of specific heat versus molar volume for binary metal
hydrides [70, 71, 73, 83, 170].

Figure 12. 10: Plot of enthalpy versus molar volume of alkali and alkali- earth
metal hydrides.

Figure 12. 11: Plot of bulk modulus versus molar volume of alkali and alkali- earth
metal hydrides.
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Figure 12. 12: Plot of decomposition temperature versus density of alkali and
alkali- earth metal hydrides.

Figure 12. 13: Plot of decomposition temperature versus density of alkali and
alkali- earth complex hydrides.

Figure 12. 14: Plot of bulk modulus versus molar volume of alkali and alkali- earth
complex hydrides.

Figure 12. 15: A comparison of the change of molar volume with pressure for the
complex hydrides investigated in this study.
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CHAPTER 1. INTRODUCTION

This dissertation focuses on investigation of the structural stability of light
hydrides with high gravimetric and volumetric hydrogen storage capacities under high
pressures or temperatures. The goal of this study, as summarized in Figure 1.1, is to
obtain thermodynamic and physical properties of hydrides which are important to

determine the factors affecting their stability.

Study of physical properties of metal hydrides

\ 4 v

Structural characterization Analysis of hydride property data
— Investigation of promising —Principal component analysis
phases over wide P-T ranges —Comparison of properties of metals
—Crystal structure, bonding and and hydrides

phase transitions
—Construction of P-T phase

diagram Raman spectroscopy
l .| —Effect of pressure on
Y Raman shift
X-ray diffraction —Determination of
phase boundary

—Change of unit cell volume under
pressure or temperature

—P-V-T data fit to determine bulk
modulus and thermal expansion of
hydrides

—Study of the influence of ball milling
on the physical properties of hydrides

Figure 1. 1: Summary of the research work performed in the dissertation.



1.1. Overview
The depletion of fossil fuels, increase in pollution and related environmental hazards
require us to discover alternate energy sources. Hydrogen is a zero emission fuel with
very high specific energy content of about 120 MJ/kg and an energy density of 10Wh/kg.
A comparison of energy contents of various fuels are illustrated in Figure 1.2. Storage is
a challenging issue that cuts across production, delivery and commercial applications of
hydrogen as an energy carrier. Use of pure H, is not economical as it requires high
pressure gas cylinders that can handle pressures up to 80 MPa, or cryogenic tanks which
have to be maintained at 21 K. Hydrogen stored in solid materials are safe alternative to
liquid or compressed form and convenient for long time storage with high yield.
Hydrogen storage in materials can be categorized into two types;
o Metal and complex hydrides (eg. LiH, LiNH,, NaBH4, Mg(AlH,); etc.),
o High surface area sorbents (eg. carbon based materials, clatherates, conducting
polymers, nanotubes/fibers, metal-organic frameworks and aero gels).
Among the above discussed hydrogen storage materials, hydrides are interesting because
of their high volumetric and gravimetric density. The fuel cell technology requires

hydrides of high hydrogen storage densities with moderate hydrogenation kinetics.
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Figure 1. 2: A comparison of the specific energy content of hydrogen with that of other

fuels.

1.2. Challenges

A hydrogen storage material should release H, at low temperature with wide
range of operation, high volumetric density and mass density. A hydride should also have
rapid hydrogenation/dehydrogenation rates, high resistance to oxidation, high capacity,
low cost, good reversibility, fast reactivity and sustainability. Main issues of hydrides are
weight, volume, cost, safety, efficiency, refueling time and durability. Minimum
requirements for automobile applications of hydrides are:
o  Gravimetric energy density: 2 kWh/kg
o  Volumetric energy density: 1.5 kWh/liter
o  Hj storage capacity: 6 wt %,

o  Operating temperature: 30 to 50 °C



o Refueling time:< 5 min

o Refueling rate: 1.5 kg Ho/min

o Recoverable amount of hydrogen: 90 %

o Cycle life: 500 times

o Cost target: US $5/kWh (without peripheral components)

The transport sector requires not only cheap, safe and reliable way of storing
hydrogen but also high storage capacity, fast kinetics and favorable thermodynamics. A
potential hydrogen storage candidate has yet to be discovered, which meets all the
mentioned criteria. One of the high-priority goals of the Department of Energy is “finding
effective hydrogen storage materials” which they list as one of the most difficult
challenges of commercial use of hydrides for transportation. Light metal hydrides have
good hydrogen storage capacity but operation temperature is very high while transition
metal hydrides release H, at room temperature but with less storage capacity. Therefore it
is important to study thermodynamic stability of light hydrides in order to understand
possibilities to improve the temperature of operation. Study of physical properties of
hydrides under pressure/temperature conditions can assist in the design of suitable

storage materials.

1.3. Purpose of the Dissertation

The high pressure-temperature phase diagram, thermal expansion and compressibility
have only been evaluated for a limited number of hydrides so far. This situation serves as
a main motivation for studying such properties of a number of technologically important

hydrides. The application of pressure on materials can have influence on their properties



favoring hydrogen storage. Study of hydrides under pressure is interesting because it can
help to understand atomic, electronic and structural properties of hydrogen which in turn
will shed light on improving the storage properties. The high pressure investigations can
reveal if a polymorph with higher storage capacity can be retained at ambient conditions.
This dissertation is targeting high volumetric and gravimetric storage capacities as
the criteria for selection of hydride materials for the study. Eventhough the selected
hydrides have high hydrogen storage capacity, their dehydrogenation properties are not
good due to kinetic barriers. To modify the hydrides for commercial applications we need
to understand the crystal structure, bonding and related properties. Crystal structure,
compressibility and thermal expansion of a number of complex hydrides (eg., LiAlH4,
NaAlH4, NaBHy4, Mg,FeHg, Mg(BH4),, and Ca(BH,); ) has been studied at high pressures
using diamond anvil cell (DAC) technique and observed interesting new phases for most
of them. Reactions of MgH, with AlHj3 and Si under P-T conditions, and structural phase
trasitions of LiNH,BHj also have been investigated. The main focus is on Mg and Al
based hydrides as they are light and abundant materials, and has relatively low operating
temperatures. Alanates and borohydrides of alkali or alkali-earth metals have improved
thermodynamic and kinetic properties as compared to their metal hydride counterparts.
Structural measurements on the hydride compounds at ambient and high pressure or
temperature conditions can result in a better understanding of the stability of the hydride
structures and can assist us in the design of suitable storage materials with desired
thermodynamic properties. Furthermore, it is reported that the crystallite size and
processing conditions influence the H, sorption kinetics of the hydrogen storage

materials. The investigation of the influence of crystallite size is essential in order to



obtain a reliable reference for evaluation of the kinetic effects of doping with catalytic
additives. Therefore, the effect of ball milling on the properties of Mg,Fe,Hs and
NaAlH, also has been investigated. Hydrides are light materials with low scattering
power and the use of diamond anvil cell limits the amount of sample we can use. In order
to resolve dynamical structural changes under pressure, high quality data is required and
hence the micro X-ray diffraction using synchrotron radiation source is availed for the
study. To confirm the phase transitions and to obtain the accurate transition pressures,

Raman spectroscopic study also has been carried out.

1.4. Description of Experiments and Analyses
The main focus of this dissertation is to investigate the structural phase transitions of
selected hydrides at high pressures and to determine their thermodynamic properties.

o Micro X-ray diffraction studies of structural phase transitions under high pressures up
to 10-35 GPa for LiAlH,4, NaAlH4, NaBH4, Mg,FeHg, Mg(BHy), and Ca(BHy),, using
synchrotron radiation source.

o Raman spectroscopic investigation of structural stability under high pressures up to 30
GPa for LiAlH4, NaAlH,4, NaBH4, Mg(BHy),, Ca(BHy), and LiNH,BH3.

o Thermal decomposition studies of Mg>FeHg in the range 25-500 °C in quartz capillary
and high pressure phase of Mg(BH4), in a DAC using resistive heating.

o Construction of P-T phase diagram for NaBH, using resistive heating (P < 15 GPa, T<
500 °C) in the DAC from the results of micro X-ray diffraction and Raman

spectroscopic studies.



o Investigation of the effect of ball milling as well as that of mineral oil and silicone oil
on the physical properties of NaAlH4 and Mg,FeHs.

o Micro structural characterization of Mg,FeHg using scanning and transmission electron
microscopy techniques.

o Determination of the change of lattice parameters and hence the molar volume with
pressure and temperature using Rietveld analysis or Le Bail fitting methods.

o Determination of bulk modulus and thermal expansion coefficient using equation of
state fit to the unit cell volume data as a function of pressure and temperature,
respectively.

o Systematic investigation of frequency shift with pressure to determine the boundary of
phase transition in the Raman spectroscopy results.

o A comparison of the properties of hydrides to find any interrelationship among them.

o The investigation of correlation among the properties of hydrides with the help of
principal component analysis.

o Investigation of mixtures 2AIH;+ MgH, and 3MgH,+ Si under pressure and
temperature as a route to synthesize complex hydrides.

The discussion of this work is divided into different chapters in the dissertation which
include introduction, literature review, experimental procedures, results and discussion of
each hydrides selected for the study, conclusions and recommendations for future
research. The first pages of the publications arising out of this research work are included

in the appendix.



CHAPTER 2. LITTERATURE REVIEW

Metal can absorb H, until it attains equilibrium and the reaction rate is a function
of pressure and temperature. In most cases, a structural transformation occurs when the
material absorbs H, due to isotropic cell volume expansion. Hydrogen desorption from
hydrides may proceed through thermal decomposition of the hydride at the hydride-metal
interface, interstitial diffusion of hydrogen through metal phase, surface penetration of
hydrogen atoms, recombination of chemisorbed hydrogen atoms and physisorption, and
molecular hydrogen degassing [1]. Hydrogen sorption/desorption rate and corresponding
activation energies depend on applied pressure, temperature, surface contamination,
crystallite size and additives or catalysts. In most cases, the rate-limiting factor cannot be
determined in a straightforward manner. It is believed that hydrogen desorption is not
controlled by diffusion or any phase transformation, but by a process involving hydrogen
transport through the surface. Minimum inter nuclear distance between H- atoms should
be 2.1A which limits the number of interstitial atoms. Therefore, in crystals only
octrahedral and tetrahedral sites can be occupied by H-atoms.

A stronger H-M bond than the H-H bond implies chemisorption is exothermic and
a stronger H-H bond as compared to H-M bond means chemisorption is endothermic. A
solid solution is formed by penetration of H-atoms into the subsurface metal atomic layer
through an activated process from which it can diffuse into the bulk of the metal. Kleperis
et al. [2], have stated that the enthalpy (AH) of hydride formation should be between - 25
kJ mol™ and - 50 kJ mol™, for an alloy to be suitable for battery applications. When AH <

—15 kJ mol™, the alloy hydride is not stable enough for charging the metal hydride



electrode at room temperature. For practical applications, hydrides should release

hydrogen in the temperature range 60-120 'C and pressure below 10 MPa. The operation
temperature and pressure are related by the van’t Hoff equation; Inp = ﬁ—: + %, where H

and S are absorption/ desorption enthalpy and entropy, respectively. Heat of formation
and decomposition of the hydrides are important to estimate the operation temperature
and pressure. Hydrides are mainly classified into metal hydrides and complex hydrides

depending on their bonding nature.

2.1. Metal Hydrides

The light metal hydrides are good candidates for use as hydrogen storage materials.
Alkali and alkali- earth metal hydrides have good hydrogen storage capacity (> 12.6 wt
%) but their operation temperature is very high, while transition metal hydrides release
H, at room temperature but with less storage capacity (< 2.5 wt %). Therefore, it is
important to study thermodynamic stability of metal hydrides in order to understand
possibilities to improve their temperature of operation. The hydrogen storage capacity
and decomposition temperature for various alkali and alkali-earth metal hydrides are
listed in Table 2.1. Metal hydrides can be synthesized directly from corresponding metals
under high hydrogen pressure because of increased hydrogen solubility [3-8]. Bonding in
metal hydrides can be ionic (eg. alkali metal hydrides), covalent (eg. AlH;, CuH etc.) or
metallic (eg. transition metal and rare earth metal hydrides). The alkali metal hydrides
have high degree of ionic nature (i.e. the electrons are localized around the atomic nuclei)

and thus high decomposition temperatures.



Table 2. 1: Weight, gravimetric (wt %) and volumetric (kg/m3) hydrogen contents and

decomposition temperature of alkali and alkali- earth metal- hydrides.

Hydride Weight H H Ty [9]
(g/mol)  (Wt%) (kg/m’) (°C)
LiH 7.95 12.59 98.60 720
NaH 23.99 4.17 57.73 425
KH 40.11 2.49 36.01 417
RbH 86.47 1.18 30.44 170
CsH 133.91 0.75 25.86 170
BeH, 11.01 18.16 138.08 250

MgH, 26.31 7.60 110.03 327
CaH, 42.09 4.75 92.37 600
SrH, 89.62 2.23 74.00 675
BaH, 139.34 1.44 60.41 675

The alkaline earth metal hydrides include BeH, with covalent bonding character
(due to a small difference in electro-negativity between beryllium and hydrogen) and
ionic hydrides of CaH,, SrH,, and BaH, [9-11]. But MgH,; is having a more complex
bonding character. Generally the electronic density is located around the atoms with a net
charge of Mg close to +2 and H atoms with a charge of -0.94 to -0.26 [12, 13]. The
remaining electron density is distributed evenly in the interstitial region. The recent
experiments have revealed regions with increased electron density between Mg and H
atoms clearly suggesting a partial covalent bonding character to MgH, [12]. At ambient
conditions except Be and Mg, all other alkali and alkali-earth group metals have cubic
structure (Table 2.2). Both Be and Mg crystallize in the hexagonal close packed (hcp)
structure but transforms into an orthorhombic structure and a tetragonal structure,
respectively, for the corresponding hydrides. Due to lower atomic packing density

compared to the close packed hosts the density of the hydrides of Be and Mg are lower
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than the metals. Ca, Ba, and Sr all have cubic crystal systems and their hydrides have

orthorhombic structures [13, 14].

Table 2. 2: A comparison of structure and bulk modulus values of alkali and alkali-

earth metals.

Metal Structure/ space group K, (GPa) K’

[15]

Li Cubic/ Im3m 11.6 3.51
Na Cubic/ Im3m 6.3 4.13
K Cubic/ Fm3m 3.1 391
Rb Cubic/ Im3m 2.5 3.62
Cs Cubic/ Fm3m 1.57 3.79
Be Hexagonal/ P6;/mmc 100.3 -
Mg Hexagonal/ P6;/mmc 45 4.8
Ca Cubic/ Fm3m 15.2 2.5
Sr Cubic/ Fm3m 11.61 2.5
Ba Cubic/ Im3m 9.6 2.1

The hydrides of the alkali- earth metals are insulators with band gaps in the range
3-6 eV for Be, Mg, and Ca [11, 13, 14]. Alkali metal hydrides have cubic structure
similar to the metals, and except MgH, (tetragonal) all other alkali-earth metal hydrides
exist in orthorhombic structure. A comparative study of properties of metal and
corresponding hydrides suggests decrease or increase of entropy, molar volume and
specific heat of hydrides from that of the metals can be attributed to hydrogen bond
formation, charge transfer and corresponding change in crystal structure [16]. Metal
hydrides are not considered as practical hydrogen storage material as such, due to their
stability arising from ionic bonding. Both additives and processing like ball milling are

found to be improving the kinetics of the hydrides [17-21].
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2.2. Complex Hydrides

Binary metal hydrides of the alkali metal and alkali earth metal hydrides do not fulfill
the hydrogen storage requirement of operation temperature below 120 °C. To achieve
potentially improved thermodynamics it is necessary to form complex hydrides with
addition of Al, B etc., to alkali or alkali earth metal hydrides. Complex hydrides are salts
in which molecular anions contain hydride ions. Complex metal hydrides recently got
much notice as a promising material due to their high hydrogen storage capacity and
lower production costs. The hydrogen storage capacities, possible decomposition reaction
and corresponding temperatures are listed in Table 2.3. Alanates are less stable than
corresponding borohydrides and the decomposition temperature increases as size of metal
increases from Li to Cs for alkali borohydrides. Also, B-H bond energy is larger than the
Al-H bond energy [22]. Due to strong covalent and ionic bonding nature, dissociation
temperatures of borohydrides are very high. The improvement of the hydride properties
by catalytic addition requires better understanding of the phases and their structural
stability.

Nature of chemical bonds in the complex hydrides of the form MXH,, eg. NaAlHy,
LiBH,4, LiNH; etc., was computationally studied by Yoshino et al. [22]. Their results
show covalent bonding between X and H ions in the [ XH,]- complex which in turn has an
ionic bonding with the metal ion M. Computational studies of Mg(AlHy), show the
bonding within [AlH4] complex involves hybridization between Al and H orbital but
with a strong ionic character [23]. The destabilization of alkali alanates by Ti is reported

to be caused by the rearrangements of the tetrahedral [AIH4] ion into octahedral [AlH]*
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ion [24]. Complex hydrides are good solid electrolytes because of their high ionic

conductivity [25].

Table 2. 3: Weight, gravimetric (wt %) and volumetric (kg/m3) hydrogen content,

decomposition reaction and corresponding temperature of alkali and alkali- earth

complex hydrides.
Hydride Wt(g H H (kg/ Decomposition reaction Ty ref.
mol) Wt% m’) (°C)

LiAlH, 37.95 10.55 74.02 3LiAlH;~> Li;AlHg+2Al1+3H, 112 [26]
Li;AlH¢—>3LiH +Al +3/2H, 127
3LiH =>3Li + 3/2H, 720

NaAlH, 5397 7.4l 97.41 3NaAlH;~>Na;AlHs+2Al+3H, 220 [27-
Na;AlHg—>3NaH +Al +3/2H, 250 29]
3NaH ->3Na + 3/2H, 425

KAIH,4 70.08 5.71 70.31 3KAIH; =2 K;AlHs+2A1+3H, 300 [30]
K;AIHq—>3KH +Al +3/2H, 340
3KH ->3K+ 3/2H, 417

RbAIH, 11645 3.44 124.4

CsAlH, 163.88 2.44 108.9

Be(AlHy), 71.04 1135 --

Mg(AlHy), 86.3 9.27 98.15 a.Mg(AlH,),>MgH,+2Al+3H, 110200 [31,
MgH,>Mg+H, 240-380 32]
2A1+Mg—> 1/2A1;Mg, +1/2A1 400

b. Mg(AlH,),—>MgAIHs+Al+1.5H,  120-155
MgAIHs+Al>MgH,+2A1+1.5H,  210-255

Ca(AlHy), 102.04 7.84 96.97  Ca(AlH4),~>CaAlHs+ Al + 3/2H, 200 [33]
CaAlHs2CaH,+ Al + 3/2H, 260-550
CaH,>Ca + H, 600-700

Sr(AlH,),  149.65 539 -
Ba(AlH,), 19936 4.044 -
LiBH, 2175 1839 124  LiBH,— LiH+ B +3/2H, 400

[34]
NaBH, 37.81 1058 118  NaBH; — Na+ B +2H, 565 [35]
KBH, 53.90 742  85.57 500 [9]
RbBH, 100.28 3.99 77.2 600 [9]
CsBH, 147.72 2.71 65.66 660 [9]
Be(BH,), 38.69 20.84 1269 Be(BH,),— Be +2B +4H, [36]
Mg(BH,), 5393 14.84 1172 Mg(BH,),> MgH,+ 2B+3H, 290 [37,
MgH, >Mg+H, 317 38]
Ca(BH,), 69.70 1148 1240 Ca(BH,),~> CaHy+ 2B+3H, 347497 [39]
CaH2 9C3+H2
Sr(BHy), 11724 688 -
Ba(BH,, 16695 479 - 375 [9]
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2.3. Equations of State

The phase change in solids at high pressure usually involves a change in crystal
structure or in the atomic arrangements. Co-ordination number (z) is important in the
high pressure studies of phase transition. This is because; thermodynamically the molar
volume of high pressure phase must be smaller than that of the low pressure phase. The
reduction in molar volume is achieved either by a more efficient packing of co-ordination
polyhedra or by an increase in co-ordination number or by both. Theoretically all
materials become metallic at extremely high pressures. A variation in pressure (P),
temperature (T) or composition (x) can cause a phase transition in materials. In solid-
solid phase transformations, generally T and P remain constant while entropy (S) and
molar volume (V) undergo finite changes [40]. Phase transitions involve change in
entropy and volume (AS; and AV,) according to the Clapeyron equation (Eq. 1).

ar _ v,
dP A4S,

(1

This equation implies that phase transition is induced either by a change in T at
constant P or by a change in P at a constant T. In the first order phase transitions the
value of AS; for temperature induced transition must be positive, where as AV; may be
any value. While for pressure induced transitions as P increases AV, must be negative but
there will not be any restriction on the values of AS;. In the case of second order phase
transitions, phase changes occur at constant P and T with no volume or entropy changes.
Both first and second order phase transitions must exhibit finite changes in the heat
capacity (C,), compressibility () and thermal expansion (a) which is expressed by the

Ehrenfest’s equation (Eq. 2)
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Past few years, researchers have attempted to reveal the properties of materials in
terms of universal relationship with minimum parameters. A fair knowledge of the
behavior of thermodynamic parameters at elevated pressure is significant for devising a
system independent equation of state (EoS) of materials. A mathematical expression
defining the physical state of homogeneous material which relates thermodynamic

parameters P, V and T is referred to as an EoS.

2.3.1. Pressure equations of state

When the applied pressure is high, the number of nearest neighbor atoms increases as
the core repulsions dominates which results in efficiently packed structures. At
equilibrium volume the Madelung energy gives the dominant contribution to the total
energy [41]. The change in volume during the phase transition can be computed if the
EoS for the state is known. EoS can provide analytical expressions for cohesive energy
which is an important thermodynamic parameter. EoS is widely applied in engineering
and scientific research to get information on non-linear compression of materials at high
pressure. During the last few decades, much work has been carried out to determine an
EoS which uses volume as a function of pressure and thus obtain the various energies
directly as a function of pressure and temperature for thermodynamic calculations. It was
a long awaited goal for researchers to find an EoS with the ability to predict compression
curve of a material only using its compression properties at low pressures. Isothermal

EoS comprises Ky (isothermal bulk modulus), K¢' and K" (first and second derivatives of
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Ko with pressure, respectively). The most commonly used EoSs for fitting isothermal P-V
datasets are due to Murnaghan and Birch. The Murnaghan EoS [42] can be derived from
the assumption that the bulk modulus varies linearly with pressure K= Ko+ P.Ky', where
Ko’ being independent of pressure, integration of which yields the P-V relationship as
given in Eq.3.

]

’ 3)

This EoS reproduces P-V data and yields correct values of the room pressure bulk
modulus for compressions up to about 10% (i.e. V/Vy > 0.9), and has the advantage of
algebraic simplicity over other formulations such as the Vinet or Birch- Murnaghan EoS
[43], which should be used if the range of compression is greater than 10 %. Birch-
Murnaghan EoS [44] is fairly good up to compressions of 0.85 (V/Vy). This is a finite
strain EoS, and is based upon the assumption that the strain energy of a solid undergoing

compression can be expressed as a Taylor series which on expansion to fourth-order in

the strain yields the Eq. 4.

SR GEBI ECH OF

(4)

2.3.2. Thermal equations of state
The high-temperature value of the zero-pressure volume can be obtained by

integrating the expression of thermal expansion coefficient (o) which gives Eq. 5.
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Vo(T) = Vo(To) exp | o(T) dT (5)
At the lowest level of approximation o(T) can be considered a constant, or varying
linearly with temperature as o(T) = oo + o;T. From the temperature dependent a zero
pressure volume obtained can be expressed as Eq.6.
Vo(T) = Vo(To) exp [ oo (T-To) + () ou(T*-To”)] (6)
In this case, the actual values of oy and o, that describe a V-T curve depend on the value
of the reference temperature, Ty. As per the experimental results the variation of bulk
modulus with temperature is considered to be linear (Eq. 7) and can be used to fit most
experimental P-V-T data sets up to around 725 C.

K(T) = Ko + (T-Ty) (dK/dT), ©

2.4. Investigation of Hydrides under High- Pressure and Temperature

The structural investigations at different temperatures and pressures can help to
identify various polymorphs of the material which may have better thermodynamics for
hydrogen storage. X-ray diffraction, neutron diffraction and Raman spectroscopy are
powerful tools to detect phase transition at elevated pressures and temperatures. Some
complex hydrides like LiBH4 release H, only above the transition temperature. In such
cases it is important to understand the structural stability of high temperature phase to
calculate its hydrogen desorption energy [45]. Diamond anvil cell technique is generally
used to apply high pressure during in sifu experiments. Equation of state fit of the unitcell
volume data obtained from high temperature or pressure investigations can provide
thermal expansion coefficient, bulk modulus etc., which in turn grant basis for the

validation of theoretical models. Different crystal structures of metal hydrides are
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associated with different degrees of iconicity due to increase in coordination number with
compression [46]. A comparison of change of molar volume of metal with metal hydride
as a function of pressure can be used to determine compressibility of hydrogen in the host
[47].

The crystal structure data for alkali and alkali-earth metal hydrides are tabulated
in Table 2.4. From Tables 2.2 and 2.4, it is clear that the bulk modulus of alkali and alkali
earth metals are lower than that of their hydrides, suggesting a hydrogen induced
hardening of these materials. The lower bulk modulus (high compressibility) observed for
alkali metal hydrides as compared to the corresponding halides can be due to partial
charge transfer between metal and hydrogen atom [48]. X-ray scattering power of
hydrides is very weak and hence atomic positions of hydrogen are determined with
neutron diffraction or computation. Alkali hydrides show a phase transition at low
pressures with 8-13 % volume change and the transition pressure increases with radius of
corresponding metal ion [49]. Addition of elements of low atomic weight such as Si, Al,
B, C, N, P, S etc., or an appropriate hydride at desirable stochiometry could destabilize
metal hydrides without reducing much storage capacities [50].

Complex hydrides show a number of phase transitions with pressure and temperature
which are summarized in Tables 2.5 and 2.6. The transition pressure is found to be
independent of size of metal atoms in complex hydrides unlike the metal hydrides.
Alanates and borohydrides have high compressibility with the bulk modulus range 5- 31
GPa, which suggest possible destabilization under pressure. Except LiAlH4 (monoclinic)

and NaAlH, (tetragonal), alkali alanates are of orthorhombic symmetry. Similar to the
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metals, ambient phase of alkali borohydrides exist in cubic symmetry except LiBHy4

which has an orthorhombic structure.

Table 2. 4: A comparison of transition pressure, temperature, structure and bulk modulus

data of alkali and alkali- earth metal hydrides. The data marked * is from computation

results and others are experimental values.

Hydride P (GPa) T(°C) Structure/Space group [ref.] K, (GPa) K’y

LiH 0-660 25 Cubic/ Fm™3m [51, 52] 34.7 0.016
>660%* 25 Cubic/ Pm™3m [53] 31 *

NaH 0-29 25 Cubic/ Fm™3m [48] 19.4 4.4
>29 25 Cubic/ Pm™3m 28 4.3

KH 0-4 25 Cubic/ Fm™3m [54] 15.6 4
>4 25 Cubic/ Pm3m 28.5 4
>176 * 25 Orthorhombic/cmcem [41]

RbH 0-2.2 25 Cubic/ Fm™3m [55] 10 3.9
>2.2 25 Cubic/ Pm3m 18.4 3.9
>35 * 25 Orthorhombic/cmcm [41]

CsH 0-0.83 25 Cubic/ Fm™3m [56] 8,7.6 4
1.2-17.5 25 Cubic/ Pm3m [57] 14.2,22.3 4,4.8
>17.5 25 Orthorhombic/ cmem [46] - -

BeH, 25 Orthorhombic/ Ibam [58] 24.7 3.9

Amorphous [59] 14.2 53

MgH, 0-5.5 25 Tetragonal/ P4,/mnm [60] 45 3.35
5.5-9.5 25 Orthorhombic/ Pbcn 44.03 3.49
9.3-104 25 Cubic/ Pa™3 47.41 3.17
>10 25 Orthorhombic/ Pbca 49.83 3.49
0 >300 Tetragonal [60]

2 >800 Orthorhombic

CaH, 0-16 25 Orthorhombic/ Pnma [61, 62] 190 *,40.7 4.5
15.5-21 25 Hexagonal/ P6;/mmc [62, 63]  63.6 3.24
>138 * 25 Hexagonal/ P6;/mmm [64]

SrH, 0-8.3 25 Orthorhombic/ Pnma [65] 57,414 * 3.13
8.3-113 25 Hexagonal/ P6;/mmc 75,423 * 3.87
>113 25 Hexagonal/ P6;/mmm 39* 3.92

BaH, 0-2.5 25 Orthorhombic/Pnma [66, 67] 31.2%,24 3.2
2.5-50 25 Hexagonal/ P6;/mmc [68] 347 * 3.6
>50 25 Hexagonal/ ?
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Table 2. 5: A comparison of transition pressure, temperature, structure and bulk modulus

data of alkali and alkali- earth alanates. The data marked * is from computation results

and others are experimental values.

Hydride P (GPa) T(°C) Structure/ space group [ref.] K, (GPa) K’y
LiAlH, 0-2.16 25 Monoclinic/ P2,/c [69, 70] 13.87,12.9* 4,4.1
>3 25 Tetragonal/ 14,/a [69] 25.64 * 4.35
>34 25 Orthorhombic/ Pnma [71] 14.25 * 4.85
7 >300  Tetragonal
7 >500  Orthorhombic/Pnma [72]
NaAlH, 0-14 25 Tetragonal/ 14,/a [73] 27 5
>6.4 25 Orthorhombic/ Cmc2,* [74]
>14 25 Monoclinic/ P2,/c
KAIH,4 >0 25 Orthorhombic/ Pnma [75, 76]  10.34 * 4.61
RbAIH, >0 25 Orthorhombic/ Pnma [76] 9.2 %* 5.2
>XX 25 Orthorhombic/ Cmc2, 14.1 * 35
CsAlHy >0 25 Orthorhombic/ Pnma [76] 8.6 * 822%* 46,52%*
>X 25 Tetragonal/ 14,/a [26] 9.5%* 5.1
>XX 25 Orthorhombic/ Cmc2, 9.1 * 4.9
Mg(AlHy), 0-0.67 25 Trigonal/ P3m1 [77, 78] 10.9*,92%* 57
0.67-10.3 25 Monoclinic/ C2/m 6.8*
>10.3 25 Orthorhombic/ Pbca 34.7*
Ca(AlH,), >0 25 Orthorhombic/ Pbca* [33]

High pressure phase transitions of alkali-metal borohydrides are found to be first-

order and fully reversible. Therefore, it is interesting to study structural behavior of metal

borohydrides under various conditions of pressures and temperatures. MBH4 (M = Na, K,

Rb, Cs) compounds show a similar structural phase transition with respect to temperature.

At high temperature they crystallize into NaCl-type structures, in which BHy is

octahedrally surrounded by M". The H atoms in a BH,; unit are tetrahedrally oriented

about B and along all cube diagonals. This gives a random distribution of BH4

tetrahedron in two different configurations.
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Table 2. 6: A comparison of transition pressure, temperature, structure and bulk modulus
of alkali and alkali- earth borohydrides. The data marked * is from computation results

and others are experimental values.

Hydride P (GPa) T(°C) Structure/ Space group [ref.] K, (GPa) K’y

LiBH, 0-0.8 25 Orthorhombic/Pnma [79-81] 14.4, 15 * 3.5
1.1-10 25 Monoclinic/ P2;/c [79] 23.23 3.5
>2.4 25 Tetragonal/Ama, [82] 26 3.5
>10 25 Cubic/ Fm™3m [79]
0 111 Hexagonal/ P6;mc [83]
0 -48 Orthorhombic/ Pnma [45, 82]

NaBH, 0-6.3 25 Cubic/ Fm™3m [84, 85] 19.9,18.76  3.5,3.48
6.3-8.9 25 Tetragonal/ P™42,c 30.6 *
8.9-14 25 Orthorhombic/ Pnma 31.1 3.9
>14 25 Monoclinic/ P2,/c [86]
0 <-83 Tetragonal / P™42,¢c
6.5 >100 Cubic/ Fm-3m [86]
9.5 >150 Tetragonal / P™42¢c

KBH, 0-3.8 25 Cubic/ Fm™3m [87] 16.8 4
3.8-6.8 25 Tetragonal/ P™42,c
>6.8 25 Orthorhombic/ Pnma
0 -197 Tetragonal/ P4,/nmc [88, 89]

RbBH, 0-2.5 25 Cubic/ Fm™3m [90] 14.5 4
2.5-8 25 Orthorhombic/ Pnma
>8 25 Monoclinic/ P2,/c
0 -229 Tetragonal [88]

CsBH, 0 25 Cubic/ Fm™3m [91] 52 % 5.9
>X 25 Tetragonal/ P™42;c 10.4 * 4.9
>XX 25 Orthorhombic/ P4,/nmc 53 * 5.9
0 -246 Tetragonal [88]

Be(BHy), O 25 Tetragonal/ 14,cd [36, 92]

Mg(BHy), O 25 Orthorhombic/Pmc2; [78] 7.82 * 5.2
0-2.5 25 Hexagonal/ P6,22 [93]
2.5-14 25 Hexagonal/ P63 [94] 10.16 4
>14 25 ? unidentified
0 >180 Orthorhombic/Fddd [95]

Ca(BH,), >0 25 Orthorhombic/ F2dd [96, 97] 22.95 2.63
0-10.2 25 Tetragonal/ P4,/m
0 <-182  Orthorhombic/F2dd [96]
0 >32 Tetragonal / P74
0 >222 Tetragonal / ["4,d
0 >207 Tetragonal / P4,/m [98]
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In the case of MBH,4 (where M is an alkali metal), as the cation size increase from Li
to Cs the unit cell expands and H-H bond length increases. Therefore the H-H repulsion
will be weaker in heavier MBH, which results in reduction of cubic to tetragonal
transition temperature or increase in corresponding transition pressure [99]. The high
pressure structural behavior of alkali borohydrides is widely investigated. Nevertheless,
the high pressure structural data of alkali-earth alanates and borohydrides are scarce

owing to their high reactivity and difficulty to synthesize.

2.5. Applications of Hydrides

Hydrides are important materials both for possible use in transportation and for
nuclear industry. The use of metal hydrides and borohydrides as advanced shielding
materials in nuclear power plants is well known [100]. Examples are Mg(BH,),, TiH, and
ZrH, which can reduce the thickness of the outboard shield by 23, 20 and 19 %,
respectively, compared to the combination of steel and water. Hydrides have a variety of
applications as listed below [101].

o Electrochemical (rechargeable batteries, catalysis, fuel cells)

©)

Thermal (heat storage, refrigeration, heat engine/ actuator, heat pumping)

o Nuclear industry (fuel cladding, neutron shielding and reflection, fuel-moderator)

©)

Sensors and optical switch

©)

Hydrogen processing (purification, isotope separation, compression)
To power a fuel cell, a metal hydride has remarkable advantages in regard to
cryogenic or pressure storage tanks as it does not require additional power supply, there

is no loss, and hydrogen can be safely supplied at an optimum and constant pressure.
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Main issue in using complex metal hydrides is the difficulty in thermal management
during refueling because of the reaction enthalpies involved. The advantage of using a

fuel cell system is that the dehydrogenation of complex hydrides does not require water

[102].
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CHAPTER 3. EXPERIMENTAL TECHNIQUES AND DETAILS

3.1. Diamond Anvil Cell Technique

The diamond anvil cell (DAC) is a portable high pressure device which use the force
applied to a smaller area to maximize the pressure generated. Table 3.1 summarizes the
devices with which ultra high pressures can be applied in the laboratory setting. With the
help of external or internal heaters it is possible to study properties of materials under
both pressure and temperature in these devices. The DAC technique is based upon the
opposed-diamond configuration, in which a sample is placed in the hole of a gasket
(metal, rhenium, graphite etc.) inserted between the polished culets of two diamonds.
With this configuration, very small force can create extremely large pressures on the

sample.

Table 3. 1: High pressure apparatuses and pressure- temperature ranges that can be

achieved using each of them.

Method Pressure T (°C)
P (GPa)

Gas apparatus 3 1500

Piston- cylinder 5 2000
Bridgman anvils 20 2000

Belt apparatus 20 2000

Multi anvil press 30 2500

DAC 200 2000 (resistive)

4000 (laser)

Shock wave 800 5000
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Because the diamonds are transparent to most part of the electromagnetic spectrum
(X-rays, gamma rays, UV, IR, visible light etc.), the sample may be examined in situ by
spectroscopic and diffraction techniques. Different types of DACs generally used are
Merril- Baset, P series, Mao- Bell, compact cylinder cell, and four post high pressure
cells. Figure 3.1 shows a loaded Mao- Bell type DAC and a schematic of the sample

chamber in DAC.

(b)
Figure 3. 1: a) A loaded Mao- Bell type DAC; b) schematic of the sample chamber in a

diamond anvil cell, 1- diamond, 2- gasket hole, 3- sample, 4- gasket, 5- ruby chip.

Compressive strength, hardness, and transparency to a wide electromagnetic
spectrum are the main properties of diamond that make it a good choice for anvils. Two
of the most important properties of a material are crystal structure and lattice parameters
that can be used for determining basic thermodynamic quantities, such as the effect of

pressure and temperature on molar volume. X-ray diffraction using DAC is the best tool
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for such studies as the building block of diamond, the C atoms, has low atomic number
and hence low absorption. DACs can also be used for a number of investigations using
IR, UV, gamma rays, sound waves etc., because of the extraordinary optical and elastic
properties of diamonds [103]. Insertion of a gasket between the diamonds of the DAC
helps to encapsulate a hydrostatic pressure medium, also to carry out viscosity
measurements, chemical reactions, and structure determinations of molecular species in

solution.

3.1.1. Measurement of pressure in a DAC

The pressure in the DAC can be measured by an embedded pressure marker or
ruby (Cr’* doped ALOs). A material of known pressure- volume EoS such as NaCl,
MgO, Pt, Au, W, Ag, Cu etc., are generally used as pressure marker. If the pressure
marker is mixed with sample, the lattice parameters can be obtained by X-ray diffraction
which in turn can be used in ‘calibration’ software to determine pressure. Ruby pressure
scale is a faster method to measure pressure in the DAC experiments. Ruby has a series
of spectral bands (R, U, B and Y) in the visible ranges. The high energy lines U, B and Y
can be excited by a laser and they relax to R lines. The R lines (R; and R, with wave
lengths 694.2 and 692.8 nm, respectively at ambient conditions) are metastable with long
lifetime which shift to higher wave length under pressure (Figure 3.2), and relax to
ground state by fluorescence. The ruby method is not suitable for measuring pressure at
high temperatures, because of the shift and fading away of the fluorescence signal with
temperature. Metal pressure markers such as Pt are chemically inert and scatter X-rays

efficiently, and the effects of both pressure and temperature on lattice dimensions are
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well known. Another method good for high temperature pressure measurement is
fluorescence of a samarium doped compound (SrB4O-:Sm **). In the present study, both
ruby and NaCl are used for pressure measurement in high pressure- temperature

experiments.
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Figure 3. 2: The shift of ruby fluorescent spectrum with the application of a pressure of

4.4 GPa.

Mao et al. [104], carried out the calibration of the pressure shift of R; emission
line of ruby up to 80 GPa under quasi hydrostatic conditions with argon gas as a pressure
transmitting medium. The shift of R; line with pressure was found to be linear with
pressure about 0.274 GPa A" and can be fitted to the formula; P(GPa) = (A/B)[(MAo)5-1]

where A =1904 GPa, B = 7.665, A is the wavelength of R; line at pressure P and A is that

27



at ambient conditions. Later, with helium as pressure medium Silvera et al. [105],
calibrated the ruby pressure gauge up to 150 GPa with a difference in A and B
parameters. The pressure can be determined from the reduced equation using change in
wave length of R; line; P = AA/0.365 where P is in GPa. Reduction in the X-ray beam
divergence and collimation diameter (~0.15 mm) can be useful to minimize the effect of
pressure gradients in the compressed sample. The ruby fluorescence is recorded using a
USB based fluorescence spectrometer (Ocean Optics) and the operating software-

OOIBase32.

3.1.2. Sample loading in the DAC

All sample handlings were carried out in an argon atmosphere. Mao-Bell type
DAC with diamonds of 0.4-0.5 mm culets and stainless steel (T302) gasket of 0.18-0.21
mm hole was used. Steel gaskets were of thickness 0.27-0.32 mm and were indented to
0.05-0.07 mm using the DAC before drilling hole. A motorized electric discharge
machine from BETSA is used to drill holes in the gaskets (Figure 3.3). The principle used
for drilling is the spark erosion in which a high voltage spark erodes the metallic gasket
immersed into a dielectric liquid like isopropanol. For medium and high pressures steel
and rhenium gaskets, respectively are good. At high pressures, all materials can develop
shear strength leading to non hydrostatic conditions. Fluids like helium, hydrogen, xenon
etc., are used to create quasi hydrostatic conditions. For pressures less than 15 GPa, a 4:1
methanol: ethanol mixture and silicone oil are found to be effective. In heating
experiments, a resistive ring-heater and specially designed thermocouples were employed

around diamond culets. The outer surface of the DAC was cooled by water circulating
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setup or argon gas. To accurately measure the pressure, both NaCl and ruby chips were
added to the sample in the high temperature experiments. Measurements were conducted
with and without a pressure transmitting medium (silicone oil or mineral oil) and
observed highly non hydrostatic behavior above 12 GPa in both cases because of their
solidification under pressure. In the heating experiments no pressure transmitting medium
was used. Because of high refractive index of diamonds in DAC, a correction has been

carried out on the diffractometer stage or goniometer to obtain accurate sample position.

Figure 3. 3: Drilling machine which is employed to drill holes in the gaskets using spark

erosion method.

3.1.3. Resistive heating in a DAC
For high temperature study under pressure, samples in DAC can be electrically

heated with a ring heater placed around the anvils or wrapping resistance wires around
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the diamond supports. A specially designed gasket also can be used as a heater [106].
Resistive heaters can provide temperatures up to 1000 °C. Thermocouple attached to
diamond surface is the most satisfactory way to measure temperature because of its high
thermal conductivity. In the present study, a ring type heater consisting of pyrophilite
(AlSi1,050H) disc wounded with nickel-chromium (nichrome) wire of resistance about 6
ohm was placed around diamonds with proper insulation. Specially designed K-type (Ni-
Cr/ Ni-Al) thermocouple junction was employed close to the diamond culet, which in
turn connected to a temperature controller and DC power supply of ~30V. The

thermocouple used is good to measure temperatures in the range -270 to 1260 -C.

3.2. X-Ray Diffraction Techniques
3.2.1. Powder X-ray diffraction

Powder X-ray diffraction (XRD) is an efficient tool to determine crystal structure
of a material. The X-ray beam may be white having a broad spectrum (Laue) or
monochromatic (Bragg) having essentially a single energy. The white beam can be used
to produce diffraction patterns by the energy-dispersive (ED) method which analyzes
energies (wavelengths) of X-rays scattered in a specific direction. Monochromatic
radiation is used for angle dispersive (AD) method which has better resolution. The
intensities around each diffraction ring can be integrated using computer processing with
improved signal-to-noise ratio and accuracy.

In reflection (Bragg) geometry, data collection is confined within a plane. Only
crystallites having reflection planes (hkl) parallel to the specimen surface will contribute

to the reflected intensities. In powder or polycrystalline diffraction it is important to have
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a sample with plane surface. To obtain better diffraction, samples should be ground down
to particle sizes of few microns and pressed into a sample holder such as quarts capillary.
With a 2D diffraction detection in transmission geometry, a large portion of the
diffraction rings (Debye ring) can be measured simultaneously. The 2D pattern can be
analyzed after integrating which gives better intensity and statistics for phase

identification and quantitative analysis.

Table 3. 2: Different information available from the condition of Debye rings in a 2D X-

ray diffraction experiment.

Debye diffraction rings Condition of the sample
Continuous Fine grained

Spotty Coarse grained

Narrow Strain free

Broad Residual stress, small particle size
Uniform intensity Random orientation

Non uniform intensity Preferred orientation

In a diffraction pattern, unit cell determine the line positions and atomic positions
attribute to the line intensity. Low symmetry crystals like triclinic have more lines in
powder XRD pattern than a more symmetric system like cubic, due to introduction of
new plane spacing by non uniform distortion. Therefore a new peak at high pressure or
temperature experiments implies low to high symmetry transition. And, disappearance of
a peak means low to high symmetry transition; for example orthorhombic to tetragonal.
Sample orientation has no effect on profile from 2D frame. A 2D diffraction pattern
contains more information than the conventional pattern (20 versus intensity) for

applications such as phase identification, percent of crystalline phase, particle size and
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shape, texture and stress as summarized in Table 3.2. In order to get beam center and
detector distance accurately, a powder pattern should be acquired with standards like
Ce0O,, LaBg, Si, Al etc. Lattice parameters as a function of pressure or temperature can be

obtained by the Rietveld analysis of the diffraction pattern.

3.2.2. Synchrotron X-ray source

Hydrides are light materials with low scattering power. Furthermore, the use of
DAC limits the amount of sample we can use. To resolve dynamic structural data, good
quality diffraction patterns are required which can be obtained using a synchrotron XRD.
A high-energy synchrotron source produces a very intense, small, and well collimated
beam of X-rays with high resolution which can be used to study small samples such as in
a DAC. Synchrotron X-rays are electromagnetic (EM) radiation generated by
accelerating electrons. The high-energy electron beam is directed into auxiliary
components such as bending magnets and insertion devices (undulaters or wigglers) in
storage rings and free electron lasers. This generates strong magnetic fields perpendicular
to the beam which helps to convert the high-energy of electron into an EM radiation.
Finally, the radiation is projected at a tangent to the electron storage ring and captured by
beam lines. The beam lines can be at the bending magnets located at the corners, or
insertion devices placed in the straight sections of the storage ring and both types have
different spectrum and energy. A beam line includes optical devices (slits, attenuators,
crystal monochromators, and mirrors) which control the bandwidth, photon flux, beam
dimensions, focus, and collimation of the X-ray beam. At the end of the beam line is an

experimental station, where the samples are placed in the line of the radiation and
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detectors (image plate or charge-coupled device) are positioned to measure the resulting
diffraction. Figure 3.4 shows a schematic diagram of the X-ray diffractometer having
transmission (Laue) geometry. Both white and monochromatic beams are valuable for
diamond anvil cell studies. To collect a reasonably good diffraction pattern from DAC
when using light hydrides, longer exposure time is required. In such cases, use of large
sized image plates is preferred to get better resolution and to avoid dark current

accumulation.
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Figure 3. 4: Schematics of an X-ray diffractometer with transmission geometry; adapted

from X17C hutch at NSLS [107].
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The high pressure and temperature XRD measurements were mainly conducted at
different beam lines of national synchrotron facilities. The diffracted X-rays were
collected using Mar345 image plate detector. The display and control soft wares were
based on MEDM, Java, and IDL. The beam resolution was 10™. Calibration of the sample
position and detector distances was carried out using CeO, standard. The synchrotron
facilities used were;

o Sector 16-IDB, HPCAT, Advanced Photon Source of Argonne National Laboratory
using X-rays of wavelength ~ 0.3681 A (Figure 3.5). Source: Undulator.

o X17C beam line at NSLS, Brookhaven National Laboratory with facilitating radiation
of L =0.4066 A. Source: Superconducting wiggler.

o Station B2 of Cornell high energy synchrotron source (CHESS) in Cornell University
with facilitating radiation of wavelength, A = 0.49594 A. Source: Bending magnet.

o X17B2 beam line of National Synchrotron Light Source in Brookhaven National

Laboratory (energy- dispersive, 20 = 6.4762°). Source: Superconducting wiggler.

3.2.3. Rotating anode X-ray generator

Electrons emitted from a heated cathode is accelerated by an electric field and
collide with the anode target metals like tungsten, molybdenum or copper, and accelerate
other electrons, ions and nuclei within the anode material. Most of the kinetic energy
contained in the electron beam is converted to heat which is dissipated via a heat sink,
and about 1 % of the energy generated in the accelerated particles is emitted, usually
perpendicular to the path of the electron beam, as X-rays. At the electron focal spot, X-

ray photons are emitted in all directions from the target surface, the highest intensity
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being around 60 to 90 degrees from the beam due to the angle of the anode target to the
approaching X-ray photons. The generated beam is directed out the X-ray tube and
projected on sample material which will be partially diffracted. The resulting diffraction
pattern of the radiation is then detected by a medium including rare earth screens (which
surround photographic film), semiconductor detectors, charge-coupled devices (CCDs) or
X-ray image intensifiers. The advantage of rotating anode over stationary anode design is
an effective increase in the area of anode target bombarded by accelerated electrons and
hence the added brilliance. Figure 3.6 shows X-ray diffractometer at CeSMEC which

consists of a rotating anode generator.

Figure 3. 5: The X-ray diffractometer stage at the beam line 16 IDB- HPCAT of

Argonne National Laboratory.
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A portion of the X- ray diffraction studies were carried out using Bruker- GADDS/DS§
X-ray system with MacSci rotating anode of molybdenum (A~ 0.71073A ) and Apex
Smart CCD detector. For heating experiments at ambient pressure, sample was loaded in
quartz capillary and kept under vacuum overnight before sealing with Ar gas to avoid
oxidation of the sample. A home- made heater coupled with temperature controller was
used to heat the sample for in situ XRD experiments up to 500 °C. Temperature was
calibrated from the thermal expansion of NaCl. The sample position was calibrated using

LaB6.

3.2.4. Indexing of X-ray diffraction patterns

From angular position of diffraction lines, the unit cell parameters are deduced
assuming crystal system from seven possibilities, and then assigning Miller indices (hkl)
to each reflection. Number of atoms per unit cell can be computed from unit cell
parameters, chemical composition and measured intensity. Position of an atom in the unit
cell is determined from relative intensities of diffraction lines. In powder methods the
wavelength used should not be shorter than K-absorption edge of the sample material to
avoid fluorescence. Shorter the wavelength, smaller will be the theta and therefore
number of lines in the pattern will be more.

There are a number of factors affecting relative intensity of diffraction lines in a
powder XRD viz; polarization factor, structure factor, multiplicity factor, Lorentz factor,
absorption factor and temperature factor. Background radiation is caused by fluorescence
from sample because of diffraction of continuous spectrum in the incident beam. The

main causes are, diffuse scattering from sample like incoherent (Compton) scattering
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when the atomic size is small, coherent scattering due to temperature in soft materials of
low melting point, diffuse scattering due to crystal imperfections, diffraction and

scattering from collimator, gasket, binder etc.

Figure 3. 6: A Bruker- GADDS/D8 X-ray system with molybdenum rotating anode X-

ray generator at CeSMEC.

3.3. Raman Spectroscopy

Raman spectroscopy experiments were carried out with an argon ion (Ar') laser
system (Spectra Physics, model 177G02) of A = 514.5 nm. The Raman spectroscopy
instrument used to conduct experiments which is equipped with a ruby fluorescence
spectrometer is shown in Figure 3.7. Backscattered Raman spectra were collected by high
throughput holographic imaging spectrograph (Kaiser Optical Systems, model HoloSpec

f/1.81) with volume transmission grating, holographic notch filter and thermoelectrically
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cooled CCD detector (Andor Technology). The average spot size of the laser beam used
is ~ 0.005 mm. The Raman spectrometer system has a spectral resolution of 4 cm™ and

the spectra were collected at an exposure of 600- 1800s depending on the sample.

Figure 3. 7: Raman spectroscopy setup with in situ ruby pressure measurement system at

CeSMEC.

In Raman spectroscopy a light of known frequency and polarization is scattered
from the sample which is analyzed for the frequency shift which is an intrinsic property
of the sample. The classical vibrational frequency of a diatomic molecule is; v =
(1/2nc)(k/n)"?, where ¢ is the velocity of light, k is the force constant and p is the reduced
mass of the constituting atoms. The Raman shift from incident laser frequency (vo) is
termed as Stokes (Vo— Vi) and anti- Stokes (vo+ vp) lines. The vibrational patterns of

atoms and the polarization dependence of scattering are determined by the equilibrium
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structure of the material through the rules of group theory. The Raman shift is the change
in the frequency of the scattered light from the laser frequency which implies that energy
is deposited in the sample in the form of phonons. Because the Raman tensor also
decomposes into the basis of irreducible representations of the crystal space group,
phonons are also classified by their irreducible representation. Raman-active phonon
modes can be classified according to the irreducible representations of the crystal space
group and its orthogonality.

The laser beam from the argon ion laser is filtered to obtain a monochromatic
beam which is directed by a system of mirrors to a focusing/collecting lens and focused
onto the sample. The back scattered light from sample is then directed to the spectrometer
through filters and gratings. The holographic notch filters allow collection of Raman
scattered light closer to the Rayleigh line with less ripple. The holographic transmission
gratings enable to acquire entire Raman spectrum simultaneously. The signal as a
function of position is read by the system detector which is a multichannel CCD array in
which the different positions (wavelengths) are read simultaneously. The wavelength-
intensity information is then read to a computer and converted in Andor software to
frequency shift versus intensity plots. To resolve a Raman peak of a certain width, the
resolution of the spectrometer (final slit width) should be smaller than the peak width.
The slit width determines the extent to which the image may shift along the face of the
CCD array, and hence the frequency resolution. The dark current of CCD array is a
function of the detector temperature which requires it to be cooled. In the present setup
CCD is cooled by the use of Joule Thomson effect. When the apparatus is properly

aligned, the intensity of Raman spectrum is a function of factors such as the applied laser

39



power, the sample properties (how absorptive or reflective the sample is, and the intrinsic

strength of the Raman modes), and the width of the slits.

3.4. Analysis of Powder X-ray Diffraction Data
3.4.1. Rietveld method

It is important to identify strongly overlapping reflections of the powder
diffraction patterns to obtain crystal structure information. Rietveld refinement is a
technique used to characterize crystalline materials. The height, width and position of the
peaks can be used to determine many aspects of the materials structure. The Rietveld
method uses a non linear least squares approach to fit or refine a model of crystal
structure to the powder diffraction data. This analysis requires determining the structural
parameters (unit cell dimensions, atom positions and displacement or thermal parameters)
for all crystalline phases present, and a variety of instrumental and sample parameters
(scale factors, peak broadening, background and preferred orientation). The analysis can
be achieved with approximate starting values for all parameters that will be fitted. Then a
computer program is used to optimize (refine) a subset of minimal number of parameters
that must be fit. Finally, additional parameters are selected to be refined, until all

parameters in the model which the data support are refined.

3.4.2. Le Bail method
Le Bail method can be used to get good experimental parameters for background,
unit cell and profile before fitting structure. This method estimate best possible fit when

profiles are irregular. Also an additional phase can be fitted with Le Bail method where
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structure is not known or where texture is a problem. The Le Bail method caused a
marked and radical increase in the ability to solve structures from powder diffraction
data. It includes the ability for whole profile unit cell refinement involving overlapping
reflections, extraction of structure factors (|F|hkls) for crystal system and space group

determination.

3.4.3. Data processing and analysis tools used in the study

The 2D angle dispersive diffraction patterns obtained were integrated using Fit2D
[108]. Fit2D is a one and two dimensional data analysis program which can also be used
for calibration and correction of detector distortions. GSAS (General Structure Analysis
System) is a comprehensive system for the refinement of structural models to both X-ray
and neutron diffraction data. The unit cell volumes were determined using Rietveld
analysis or Le Bail profile fitting method implemented in the GSAS-EXPGUI software
package [109]. The GSAS package can be used with both single-crystal and powder
diffraction data. EXPGUI is a graphical user interface (GUI) editor for GSAS experiment
(.EXP) files and shell which allows all the other GSAS programs to be executed with a
GUI In addition to structure determination, GSAS is also used for lattice-constant
determination even for materials with unknown structures, simulation of powder
diffraction data, and for texture analysis [110, 111].

Plot85 is used to analyze energy-dispersive diffraction data created by the SAMSS5
or MCA data collection programs. In Plot85 it is possible to determine the channel

number, energy, or d-space for any diffraction peak, either by pointing to the peak, or to
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fit it using GPLS (General Program for Least Squares fitting). If the diffraction data
include that of NaCl, the pressure and differential stress can also be calculated [112].

The experimental P-V data were fitted with third order Birch-Murnaghan equation
of state using EosFit program [43, 113]. Except the Murnaghan, all other EoSs can be
only written with pressure as a function of volume and not vice-versa. Therefore the
EosFit program performs least squares fit of P-V data with pressure as the dependent
variable. Uncertainties in volumes are converted into that of pressure by the effective
variance method. The value of V is dependent upon the calibration of the technique
used to measure the volumes because the refinement of the diffraction pattern is
influenced by the alignment of the monochromator, the resulting X-ray wavelength and
the detector distance. Volumes measured at high pressures may be on a different scale
from some high-accuracy value of V, determined by another technique. Therefore, the
fixing of Vy to an inappropriate value can lead to incorrect estimates of the other EoS
parameters. For isothermal data sets, the first stage of refinement should be the
refinement of V, and Ky alone in a second-order EoS, with K is set to its implied value.

Back ground subtraction and peak fitting were also carried out with Crystal Sleuth
and CMPR software packages [114]. Visualization and manipulation of crystal structures
were made possible using Powder Cell program [115]. The Raman spectra were fitted
with Gaussian profile function in Fityk [116] to obtain Raman shift at different pressures.
The correlations of properties of hydrides were studied with statistical package for social

sciences (SPSS) program [117].
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CHAPTER 4. STRUCTURAL STABILITY OF Mg,FeH; UNDER HIGH-

PRESSURES AND TEMPERATURES

4.1. Introduction

Dimagnesium iron hydride (Mg,FeHg) is widely studied because of its possible
application for hydrogen and thermo-chemical heat storage [118, 119]. Mg,FeHs has the
highest volumetric density of hydrogen (~ 150 kgH, m™) among all the hydrides
investigated so far and has a gravimetric hydrogen density of 5.4 wt % H,. Moreover,
Mg,FeHg is more economical for many applications compared to other hydrides because
of the availability and the low cost of component metals Mg and Fe. The hydride has a
K,PtClg type cubic structure with a space group of Fm 3m, composed of tetrahedral
Mg?" ions and octahedral (FeHg)* complexes. Various research groups have carried out
investigations on the synthesis of Mg,FeHg [120-130]. Herrich et al[121], studied the
influence of milling conditions and temperature on the hydride formation and obtained a
90 % yield of Mg,FeHs. Among the compositions investigated a ratio 2: 0.57 of MgH, to
Fe exhibited good results. Decomposition behavior of Mg,FeHs was investigated based
on synthesis conditions and unreacted Fe content. The observed decomposition
temperatures were 428 °C and 355 °C [124]. Desorption mixture of Mg,FeHg reversibly
absorbs hydrogen to form the hydride at 550 °C and 60 bar H, pressure. The presence of
Fe/MgH, enhances the H, desorption, however the temperature does not enhance the
synthesis rate. Hout ef al. [122], reported better reversibility in Mg,FeHg synthesized by

ball milling of 2MgH,+ Fe than sintering 2Mg+ Fe under hydrogen. The enthalpy of
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reaction for 2MgH,+ FeH+ 0.5H,> Mg,FeHg is reported to be -121.402 kJ/mol H, and
the dissociation enthalpy of Mg,FeHg is 98 kJ/mol H; [120].

Studies on MgH, and Mg,FeH; indicated that Mg,FeH¢ reduces the formation
heat of the mixture, which suggests that Mg,FeHg acts as a catalyst. As a result the milled
powder containing MgH, and Mg,FeHs desorbs hydrogen within the small temperature
range and exhibits rapid desorption rate [127, 130]. A reduction in the decomposition
temperature of about 100 °C has been observed for the Li modified Mg FeHs and an
enhancement in the sorption kinetics for the Ti- doped Mg,FeHg [131]. Halilov et al.
[132], and Orgaz et al. [133], studied electronic structure and chemical bonding in
Mg,FeHg by first-principal calculations. Calculated energy gap is ~ 1.8 eV suggesting
that Mg,FeHg is poor conductor that is consistent with experimental data [133]. However,
the calculation shows that the values of the energy gap in D,MH¢ (D= Mg, Ca, Sr; M=
Fe, Ru, Os) series is a function of the unit cell volume. Further studies are required to a
better understanding of this feature.

Instead of much experimental work, the high pressure study on Mg,FeHg is not
yet reported. The transition metal hydride having similar electronic structure, Mg,NiH4,
found to be exhibiting high pressure/temperature phase transitions [134]. Therefore it is
worthwhile to study the high pressure- temperature behavior of Mg,FeHg. High pressure
and high temperature X-ray diffraction experiments have been carried out to find the

isothermal bulk modulus and thermal expansion coefficient of Mg,FeHg.
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4.2. Synthesis and Characterization of Mg,FeH;
4.2.1. Synthesis

Mg,FeHg powder sample was synthesized by mechano- chemical method using a
Retsch (PM 100) ball mill. A stoichiometric mixture of MgH, and Fe in the ratio 2:1 was
ball milled at a speed of 400 rpm under H, atmosphere for 72 hrs and then annealed at
400 °C under a H, pressure of 100 bars. The milling resulted in disappearance of the
MgH, peaks followed by the appearance of Mg,FeHs phase which broadened on further
milling. After heating the Mg,FeHs abundant phase a significant decrease in the full
width half maximum (FWHM) of the diffraction peaks was observed.

The X-ray diffraction indicates ~ 85 % yield of Mg,FeHg Particle sizes of the as
milled and the annealed samples were determined by the Le Bail profile fitting method in

5732.48KA
L X

the general structure analysis system (GSAS) using the equation; D =
where, D -particle size, K- Scherer constant, A- wavelength of X-ray (0.71073A), L,-
Lorentzian function representing the particle size broadening [135]. Instrumental particle
size broadening of the diffraction peaks was estimated by measurements of LaB4 standard

sample with average particle size 1 um. The particle sizes were also confirmed by

electron microscopy experiments.

4.2.2. Electron microscopy

The compositional contrast and sample morphology has been investigated by the

scanning electron microscopy (SEM) using Jeol JSM-6330F equipped with energy
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dispersive X-ray spectroscopy (EDS), and by the transmission electron microscopy

(TEM) using Philips CM200.

4.2.3. X-ray diffraction

The high pressure diffraction studies were conducted at Sector 16-IDB, HPCAT,
Advanced Photon Source in the Argonne National Laboratory and the X-ray wavelength
was 0.368 A. The sample was loaded into the Mao-Bell type DAC with a culet size of
400 um. The sample chamber was a steel gasket having hole of 240 um diameter and 50
um thick. The high temperature X- ray diffraction studies were carried out on annealed
Mg,FeHg, using Bruker- GADDS/D8 X-ray system with molybdenum MacSci rotating
anode (A~ 0.71073A ) and Apex Smart CCD Detector. For high temperature studies,
Mg,FeH¢ was loaded in quartz capillary and kept under vacuum overnight before sealing
with Ar gas to avoid oxidation of the sample. A homemade heater coupled with
temperature controller was used to heat the sample for in situ XRD experiments up to 500

°C. Temperature was calibrated from the thermal expansion of NaCl.

4.2.4. Computation

The total energy of Mg FeHgs was calculated using the density-functional theory
(DFT) within the generalized-gradient approximation (GGA) for the exchange-
correlation function as implemented with a plane-wave basis in the Vienna ab initio
simulations package (VASP) [44, 136, 137]. Calculations were performed using the
projected-augmented wave (PAW) potentials provided with the VASP [138]. The

reciprocal space sampling was done with k-point grids of 5x 5x 5 which were generated
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according to the Monkhost-Pack scheme. Experimentally established crystal-structure
data were used as input [139]. The ionic positions and lattice parameters were relaxed
with the conjugated gradient method using forces and stresses for all the volumes
considered. In all the calculations, self-consistency was achieved with a tolerance in the
total-energy of at least 0.1 meV/ atom. The equilibrium volume Vj and bulk modulus K,
were obtained by fitting dE/dV — V (where V is unit cell volume and E is its total energy)

values to the third order Birch—-Murnaghan equation of state.

4.3. Results and Discussions
4.3.1. Electron microscopy

The selective area electron diffraction (SAD) pattern (dark contrast) shows
poly crystalline nature of the sample and the TEM micrograph shows a distribution of
particle size between 5-50 nm (Figure 4.1) in the annealed sample. Surface morphology
and component distribution of the synthesized Mg,FeHs samples were analyzed by SEM.
The backscattered and secondary images (Figure 4.2) and the EDS spectra show a
homogenous distribution of Fe and Mg in the sample. Secondary image show sample
morphology of highly agglomerated particles attributing to the high surface energy of the
nanoparticles. The weight percentage of different elements from EDS analysis of spots
marked 1-3 in the secondary image is summarized in Table 4.1 and the EDS spectrum

collected at spot 3 is given in Figure 4.3.
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(a) (b)
Figure 4. 1: a) Selective area electron diffraction pattern of annealed Mg,FeHg. b) TEM

image of as synthesized sample.

(b)

Figure 4. 2: (a) Backscattered SEM image and; (b) secondary image of annealed

Mg,FeHg.
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Figure 4. 3: The EDS spectrum collected from spot 3 marked in the secondary image.

Table 4. 1: Weight % of elemental components O, Mg and Fe obtained from EDS

analysis at spots marked 1-3 in the secondary image.

Wt % 0 Mg Fe

Spot 1 8.15 43.17 48.67
Spot 2 9.31 41.26 49.43
Spot 3 7.85 40.45 51.70

4.3.2. High pressure micro X-ray diffraction

High pressure experiments were carried out on both as synthesized and annealed
samples to check the influence of ball milling on the properties of Mg,FeHs. The pressure
transmitting medium used in the experiments was silicone oil of viscosity 5x10° m?*/s
(Sigma- Aldrich). Figure 4.4 shows the synchrotron XRD pattern of Mg,FeHg collected
at ambient conditions. The Rietveld analysis of the ambient XRD pattern shows it is a
cubic- Fm 3m phase with a lattice parameter of a = 6.446(3) A and a unit cell volume of

V = 267.846(2) A’, which is in good agreement with the earlier reports [122]. The
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atomic positions are; Mg- 8c (0.25, 0.25, 0.25), Fe- 4a (0, 0, 0) and H- 24e (0.2456, 0, 0).

A unit cell contains 4 formula units which give a unit cell formula weight of 442.02

g/mol and an X-ray density of 2.74 g/cm’ for the Mg,FeHs. Weight fraction of Mg,FeHj

was 85.4 % and Fe was 14.5 %. A small fraction of MgO and Mg were also present in the

sample. Particle size of as milled and the annealed samples are found to be 13.6 nm and

53.84 nm, respectively. Both compression and decompression data of Mg,FeHs were

collected in various steps between 0.2- 36.5 GPa.
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Figure 4. 4: Synchrotron XRD pattern collected at ambient conditions with the results of

the Rietveld analysis. Inset is the simulated crystal structure of Mg,FeHs.

Unit cell volumes at different pressure are determined by peak fitting with the

CMPR software package [114]. Figure 4.5 shows the X-ray diffraction patterns collected
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for the annealed samples at various pressures. No structural phase transition was

observed up to the highest pressure reached in the experiment. The change in the XRD

peak positions corresponding to the Fe, above 10.6 GPa, is attributed to the bce to hep

phase transition [140, 141]. The peaks corresponds to hcp iron is overlapping with

sample peaks, yet clearly visible in the XRD patterns collected above 25 GPa.
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Figure 4. 5: (a) Debye diffraction rings collected from sample loaded in DAC, at ambient

conditions. (b) X-ray diffraction patterns of Mg,FeHg for some selected pressures during

compression and decompression (pressure indicated by *).

Peaks correspond to hcp

phase of Fe are marked by closed circles in the patterns at 18.9 GPa.
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The bulk modulus data was determined by fitting the P-V data, Figure 4.6, with
the third order Birch-Murnaghan equation of state. Bulk modulus of Mg,FeHg calculated
using the VASP was 76.3(0) GPa, while the experimental values are in the range 75-170
GPa for the samples measured at different conditions. The value of bulk modulus
obtained from X-ray diffraction analysis of the sample with pressure medium was
comparable with the calculated value. Table 4.2 shows a comparison of the isothermal K,

data obtained from high pressure studies on various samples of Mg,FeHs with K'y fixed

to 4.
280
B VASP calculation
annealed Mg,FeH,
] annealed Mg FeH_ with PTM
260 - %

ball-milled Mg,FeH

ball-milled Mg,FeH_ with PTM

Pressure (GPa)

Figure 4. 6: A comparison of calculated and experimental variation of unit cell volume
of Mg, FeHg (MFH) with pressure fitted with the third order Birch-Murnaghan EoS under

different conditions. PTM abbreviates pressure transmitting medium.
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Table 4. 2: Data obtained from fitting P-V data with Birch-Murnaghan EoS for various
Mg,FeHs samples with a comparison of pressure ranges. PTM abbreviates pressure

transmitting medium.

Mg,FeH, P-range V, (&) K, (GPa) V,(A%) K, (GPa)
(GPa) P- range 0- 10 Gpa
VASP 0- 45 263.51(0) 76.31(0)  263.24(0) 77.07(1)
annealed 0- 37 268.2(1)  108.75(3)  267.61(5) 95.26(5)
ball milled 0-21 264.09(1) 170.36(8)  265.28(1)  139.05(10)

annealed+ PTM  0-10.5  267.62(1)  7535(4)  267.62(1) 75.35(4)
ball milled+ PTM  0- 123 264.02(2) 157.11(27) 264.81(2) 139.15(31)

As synthesized samples show high bulk modulus, with and without pressure
medium. This can be attributed to the largely nano- morphology of the Mg,FeHs sample
synthesized by ball milling. A close analogue of dimagnesium iron hydride, Mg;NiHa4,
has the bulk modulus of 43 GPa [134]. Barsan et al. [142], studied ruthenium hydrides
M;RuHgs (M= Ca, Sr and Eu) with a K,PtH¢- type crystal structure by Raman
spectroscopy up to 5 GPa. They reported bulk moduli of 18.8 GPa for Ca,RuHg, 26.73
GPa for Sro,RuHg and 20.38 GPa for Eu,RuHg. Those values were determined in the
assumption of linear correlation between cubic unit lattice parameter and vibrational
frequencies. However, these values might be much underestimated taking into account
the current work and the calculated bulk moduli of Ca,RuHg, which are 67.6 GPa (LDA)
and 58.5 GPa (GGA) obtained by DFT [143]. The bulk modulus values obtained by
fitting data up to 10.5 GPa are compared with that of the data at different rages of
pressure in the Table 4.2. Results show that there is no effect of silicone oil in the

bulkmodulus values obtained for the ball milled sample below 10.5 GPa. This confirms
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the assumption that the high bulk modulus of the ball milled materials is caused by stress

or particle size reduction induced by milling.

4.3.3. High temperature X-ray diffraction

Figure 4.7 shows the high temperature in situ X-ray diffraction patterns of
MgyFeHg collected at various temperatures up to 450 °C. No temperature induced
structural phase transition was observed in Mg,FeHg before its decomposition around 425
°C. X-ray diffraction pattern collected at 450 °C shows the presence of Fe, Mg and a

small amount of MgO.
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Figure 4. 7: High temperature XRD patterns of the Mg,FeHg collected at various
temperatures. In the pattern taken at 450 °C, peak marked by asterisks is due to Fe and

that marked by closed circle is MgO, and others are of Mg.
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The volumetric thermal expansion is calculated from the unit cell volume and

temperature using the relation, a, = id—V Second order polynomial fit to the AV/V,

4

versus T-Ty (Figure 4.8) gives thermal expansion as oy = 5.85(3)10™+ 7.47(7)10™® (T-Ty)/

°C. This value is 10 times higher than the thermal expansion coefficient reported for the

ZrH, [144].
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Figure 4. 8: Plot of normalized volume versus temperature for Mg FeHg fitted with a

second order polynomial.

4.3.4. Raman spectroscopy
Parker et al. [145], has reported Raman spectra of Mg,FeHg and the laser power
on the sample was 4 mW. The output laser power used in the present study was between

10 and15 mW which is the least achievable value in the Raman spectrometer used. The
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results show intense peaks of Fe-H bending modes in the range 800-1100 cm™. Fe-H
stretching modes (1600-2000 cm™) are very weak which can be attributed to laser
induced partial decomposition or bonding structure change. The liberational modes are
observed at 356 and 585 cm, Fe-H bending modes at 787 and 1093 cm™ and Fe-H
stretching mode at 1866 cm™. Figure 4.9 shows Raman spectrum (background

subtracted) collected from Mg,FeHs sample loaded in a quartz capillary at ambient

conditions.
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Figure 4. 9: Raman spectrum of Mg,FeHg at ambient conditions. Liberational modes (x);

Fe-H bending modes (*); Fe-H stretching mode (0).
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CHPATER 5. STRUCTURAL STABILITY OF DIFFERENT

POLYMORPHS OF Mg(BH.),

5.1. Introduction

Magnesium borohydride, Mg(BH4),, is a promising lightweight solid state
hydrogen storage material with a theoretical hydrogen capacity of 14.8 wt%. The
thermodynamical properties of Mg(BH4), were examined by several researchers and it
was found that reaction enthalpy and entropy should give 1 bar equilibrium pressure for
hydrogen at room temperature [38, 146, 147]. The low enthalpy of decomposition
suggests a possibility of reversible hydrogen storage in this compound [78, 79, 147].
However, it seems as if there were high kinetic barriers involved in the hydrogen
desorption leading to high operation temperature (> 270 °C), poor kinetics and difficulty
to re-hydrogenate the desorption product. The possible decomposition steps for
Mg(BHy), may be; Mg(BH4),> MgH,+ 2B+ 3H,> Mg+ 2B+ 4H,> MgB,+ 4H, [146].
The investigation of Ozolins et al. [148], lead to the conclusion that thermodynamically
reversible hydrogen storage is possible in Mg(BHy4), but it is kinetically hindered.
Moreover, calcium analogue of Mg(BHj), has been demonstrated recently to show
reversible hydrogen storage properties [149-151]. To improve the hydrogen absorption/
desorption properties of Mg(BH,),, additives like Ti are explored [146]. To verify such
phenomenon in Mg(BH,), further research is inevitable by theoretical calculations of
thermodynamic properties which in turn requires a proper structural data in a wide range

of temperatures and pressures. Moreover, destabilization of metal borohydrides was
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suggested to be achieved by application of high pressure via formation of shortHH
distances and deformation of tetrahedral BH4 anions [79, 152].

There are many reports on synthesis and crystal structure of Mg(BHa4), [12, 38,
78, 79, 95, 153-157]. Her et al. [95], reported that crystal structure of Mg(BHy), is
hexagonal- P6; below 180 °C and above this temperature it transforms to an
orthorhombic- Fddd phase which is stable up to the decomposition temperature of 340
°C. The P6; structure of Mg(BHy), with 30 formula units (330 atoms) in a unit cell
contains five symmetry independent Mg®'cations and ten BH4 anions. Hydrogen co-
ordination for Mg®" is 8 and locally the Mg”" network resembles an amorphous state
[153]. The density of low temperature phase of Mg(BH,), is found to be 0.78 g/cm’
whereas that of high temperature phase is 0.76 g/cm’. The structure of high temperature
phase was found to be coherent in bh-c plane but not in a-direction. The bonding in
Mg(BHs,); is partially covalent similar to that of MgH, but it has a higher bond strength
than MgH, [12]. The B-H interaction in BH, tetrahedra is iono-covalent and that
between Mg and H is ionic [78]. The hydrogen and BH, co-ordination of Mg*" ion is
strongly related to its ionic radius/ ionic character which may be a cause of the complex
bonding nature of Mg”" ions. First-principal density functional theory calculations failed
to predict ambient-pressure structure of Mg(BHy), due to its complexity [147, 148].

Because of the observed irreversibility of high temperature phase transition, high
pressure behavior of Mg(BHy), is of special interest. Therefore more studies are required
to find a method to accelerate the kinetics of the compound formation. To determine the
proper additive to enhance kinetics of Mg(BH4),, the actual structure and structural

modifications of this compound should be understood. Many aspects of phase transition
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in Mg(BHy), is still unknown and to be solved for better understanding of the factors
affecting the polymorphism. In order to verify structural predictions and to compare the
behavior of high pressure phase to that of high temperature phase for Mg(BH4),, micro
X-ray diffraction and Raman spectroscopic studies were carried out up to 22 GPa. The

results indicate an irreversible pressure induced phase transition in Mg(BH,),.

5.2. Experimental Details
5.2.1. Synthesis

Powder sample of Mg(BH,), was synthesized by wet chemical method of reaction
between MgH, and triethylamine borane complex under an argon ambient followed by
heating above 100 °C in two steps [146]. The mixture was then cooled to room
temperature, filtered and washed with n-hexane and dried under vacuum. The
triethylamine adduct of Mg(BH,4), obtained was heated at various steps up to 160 °C
under vacuum which yielded 98 % pure sample. Using an argon-filled glove-box, the

sample were loaded into the Mao-Bell type DAC of a culet size 400 um and the sample

chamber was a stainless steel gasket with a hole of size 190 um and thickness 50 pum.

5.2.2. High pressure micro X-ray diffraction

The high pressure angle-dispersive micro XRD studies were conducted at Sector
16-IDB, HPCAT, Advanced Photon Source in Argonne National Laboratory (A =
0.368138 A) and at X17C beam line of National Synchrotron Light Source in

Brookhaven National Laboratory (A = 0.4066 A).
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5.3. Results and Discussion
5.3.1. X-ray diffraction of as synthesized Mg(BHy),

Figure 5.1 shows the micro XRD pattern of Mg(BH,), pressurized to ~1 GPa and
the corresponding simulated pattern of hexagonal P6; structure. Result shows that below
~3.5 GPa, Mg(BHy), is a single phase and has a hexagonal P6; structure with lattice
parameters a = 10.047(3) A, ¢ = 36.34(1) A and V' =3176(1) A’ at ~0.2 GPa which agree

with the previously reported values [79, 156].

Intensity (arb.units)

20 (degrees)

Figure 5. 1: Synchrotron XRD pattern of low pressure phase of Mg(BHy), at ~ 1GPa
with the results of Le Bail profile fitting and inset shows the corresponding hexagonal

P6, structure.
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Figure 5.2 shows synchrotron XRD patterns recorded during compression and
decompression at various pressures up to ~11 GPa. The ambient pressure and high
pressure phases coexist in the range 1.5-2.4 GPa. At 3.35 GPa the transition is complete.
The high pressure phase is stable up to the highest pressure reached in the X-ray
diffraction experiments. Pressure-transmitting medium was not used in the synchrotron

XRD experiments. The decompression data shows the high pressure phase transition is

irreversible.
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Figure 5. 2: The synchrotron XRD pattern obtained for Mg(BHa),; (a) during
compression (A = 0.4066 A) up to ~ 11GPa, (b) during decompressionX = 0.368138 A)

at various pressures.
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The irreversibility of the high pressure transformation even after the release of
pressure suggests that the reverse transformation is kinetically hindered or ambient
pressure polymorph of Mg(BHy), is a metastable phase. The later might be indicating that
the structure of Mg(BHy), at ambient conditions can be influenced by the synthesis and
processing conditions. The similar situation is observed for aluminum hydride, AlHj3,
with six different phases which can be prepared via chemical route by varying synthesis
conditions [158]. Another aspect should be noted is that the ambient pressure structure
of magnesium borohydride is characterized by large degree of disorder which might have
kinetics origin, application of high external pressure eliminates this disorder and leads to
more ordered and thus more simple structure.

Because of the low intensity of Mg(BH,4), XRD patterns, solving the structure of
high pressure phase was difficult. It is observed that the structure of Mg(BHy), at high
pressures is different from the high temperature orthorhombic- Fddd phase [95]. It is
also verified that it does not match with the structures predicted by first-principal
calculations such as trigonal- P-3m 1, monoclinic- P2/c [147], tetragonal- I-4m1 [148], or
orthorhombic- Pmc2; [78]. The possible decomposition products of magnesium
borohydride such as MgB,, Mg or B were also absent in the XRD patterns of the high
pressure phase.

The XRD patterns of high pressure phase were indexed in hexagonal P6; space
group with lattice parameters at 5.5 GPa: a = 8.35(5) A, ¢ = 4.68(4) A and V = 283.47(8)
A®. Figure 5.3 shows variation of molar volume with pressure for the Mg(BHj), up to ~
11 GPa. The P-V data of high pressure phase were fitted with third order Birch-

Murnaghan equation of state and the bulk modulus was found to be 10.16(6) GPa with V,
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=378.12(7) A’ and K,' is fixed to 4. The experimentally determined bulk modulus of
high pressure polymorph of Mg(BH4), is in a good agreement with the theoretically
predicted value for Mg(AlH,), with the P-3mitype structure (Ko = 10.87 GPa, Ky' = 5.7)
[78]. Low value of K, suggests very high compressibility for the high pressure
polymorph of Mg(BH4),. To our knowledge this is the lowest bulk modulus reported for
metal borohydrides, eg. Ko = 19.9— 31.1 GPa for three different phases of NaBH4 [84,

87], Ko= 14.4— 26 GPa for three different phases of LiBH, and K, = 16.8 GPa for KBH4

[79, 87].
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Figure 5. 3: Pressure dependence of volume (circles) for the high pressure phase of

Mg(BH4),, during compression, fitted with third order Birch- Murnaghan EoS (line).
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5.3.2. Raman spectroscopy measurements
5.3.2.1. As synthesized Mg(BHa),

Raman spectra were collected with and without mineral oil as pressure
transmitting medium to compare the results and observed similar results. Raman
spectrum collected at ambient conditions from Mg(BHy), was in good agreement with the
literature data [153]. The Raman spectra show liberational and translational modes in the
range 50-500 cm™, bending deformation modes ~1100-1400 cm™ and B-H stretching
modes around 2250 cm™. The strong bending and stretching modes suggest a strong
network of Mg...H-B bonds and a complex structure for Mg(BHy),. Figure 5.4 shows the
Raman spectra obtained during compression up to ~21 GPa for various modes. Spectrum
recorded at ~1.1 GPa shows coexistence of both ambient and high pressure phase. The B-
H stretching modes start splitting around 2.5 GPa, and around 14.4 GPa a shift in Raman
vibrational frequency of B-H bending modes is observed. These changes can be
attributed to phase transitions.

The weakening of B-H bending modes observed above 9.5 GPa has occurred due
to existence of pressure gradient in the sample and expect that laser heating has less
effect on intensity of Raman modes in this experiment [159]. The phase transition
observed around 14.4 GPa is completely reversible around 4.5 GPa upon decompression.
The spectrum of compressed sample after releasing pressure shows close similarity to the
spectra in the range 2.5-14.4 GPa during compression which suggest that the phase
transition of Mg(BHy), at 2.5 GPa is irreversible. Figure 5.5 shows Raman spectra

collected at various pressures during decompression for bending and stretching modes.
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Decompression spectra of other modes are not shown in the figure due to their very low

intensity.
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Figure 5. 4: The Raman spectra of Mg(BHy4), collected during compression up to ~ 21
GPa at some selected pressures; (a) B-H bending modes, (b) B-H stretching modes. The

peak around 1350 cm™ is because of diamond in DAC.

A comparative study of compression and decompression data confirms a

difference in structure between the compressed and non compressed sample which
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support the irreversible phase transition observed in XRD analysis. Therefore from
combined XRD and Raman spectroscopy experiments it may conclude that the initial
high pressure phase transition in Mg(BH4), occurs around 2.5 GPa and it is stable up to

14 GPa.
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Figure 5. 5: The Raman spectra of Mg(BHj4), collected during decompression to ambient
pressure; (a) B-H bending modes, (b) B-H stretching modes. Peak marked with asterisks

is due to impurities in diamond.
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A small amount of H, was released in the experiment conducted without using
mineral oil which can be attributed to the reaction of small amount of sample with the
moisture in the gasket chamber. Table 5.1 shows change in Raman vibrational frequency
as a function of pressure (dv/dp) for bending as well as liberational and translational
modes during compression of as prepared Mg(BH4),. In all these cases a significant
change in slopes is observed after phase transitions. During decompression a shift in

dv/dp was observed around 11 GPa for all the modes.
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Figure 5. 6: Change in vibrational frequency with pressure for as prepared Mg(BH,)»
during compression; (a) liberational and translational modes, (b) B-H bending modes.
The pressures corresponding to change in vibrational modes during compression is

marked by grid lines parallel to Y axis.
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Figure 5. 7: Change in vibrational frequency of B-H stretching modes with pressure for
as prepared Mg(BH4),; (a) during compression, (b) during decompression. The pressures
corresponding to change in vibrational modes during compression is marked by grid lines

parallel to Y axis.

The difference in dv/dP values of stretching modes (Table 5.2) during
compression and decompression also confirms the irreversibility of phase transition in of
Mg(BHjy), as inferred from XRD analysis. The thermodynamically stable high pressure
phase has to be further investigated to identify its potential as a hydrogen storage material

in terms of kinetic and volumetric aspects.
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Table 5. 1: Raman frequency shifts as a function of pressure for liberational, translational

and bending modes from fitting the compression data of as synthesized sample.

Modes dv/dp (cm'GPa™) at P- ranges:
1atm(cm”) 0-25GPa  2.5-14.5Gpa 14.5-22 GPa
170 -2.61 4.24

200 4.19

210 6.12 5.06 4.13
350 2.32 4.38
1120 5.26 3.08 1.6
1200 0.48 4.38 2.76
1210 -0.35 491

1400 2.2 8.27 1.45

Table 5. 2: Raman frequency shifts as a function of pressure for B- H stretching modes

during both compression and decompression of as prepared Mg(BHy),.

Modes dv/dp (cm'lGPa'l) at different P- ranges
(cm’)
Compression 0-25GPa 2.5-145GPa 14.5-22 GPa
2300 19.75 6.17 3.48
2340 10.13 9.59 4.24
2360 13.71 11.49 5.47
Decompression 35-0GPa 11-4.5GPa 22-14.4 GPa
2300 9.78 5.71 6.52
2340 19.09 10.34 9.01
2360 13.17 8.86 10.97

0-9 GPa 11- 21 GPa
2300 7.26 3.6
2340 10.55 5.33
2360 11.51 8.12

5.3.2.2. The high temperature phase of Mg(BHj),

The ambient hexagonal phase of Mg(BHjy), transforms to an orthorhombic- Pmc2;

structure above 180 °C and the phase transition is irreversible [95]. To compare the high

pressure behavior of as prepared sample and the high temperature phase, Raman

spectroscopic studies of the latter have also been carried out. The high temperature phase
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is synthesized by heating the sample loaded in DAC in an oven at 200 °C for 18 hrs and
the pressure was close to 1 atm. Figure 5.8a shows comparison of Raman spectra at the
stretching mode region for as prepared and heated samples which indicate a high
temperature phase has been formed. High pressure Raman spectroscopic studies were
carried out on the high temperature phase after cooling down to room temperature. The
high temperature phase is found to be stable up to 2 GPa. Figure 5.8b shows the pressure

dependence of B-H stretching modes of high temperature phase of Mg(BHy)..
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Figure 5. 8: (a) Raman spectra of as prepared Mg(BH4), in comparison with the high
temperature phase during compression; peak marked with asterisks is due to impurities in
diamond; BH- before heating (as synthesized); AH- after heating (high temperature

phase). (b) Change in B-H stretching modes with pressure for the high temperature phase.

70



In Raman spectroscopic study, significant mode changes were observed around 2
GPa and above 14 GPa. From the Raman spectra it is obvious that high pressure phase of
both as prepared sample and the heated sample is of similar structure as both samples
show same frequency shift in the range 2.5-14 GPa. However, there is a significant
difference between spectra of both phases above 14 GPa. The disordering of highly

compressible B-H bonds in the BH, tetrahedra can be resulting in the phase transitions.

Table 5. 3: Raman frequency shifts as a function of pressure for B-H stretching modes

during both compression and decompression for the high temperature phase of

Mg(BHa),.
Modes dv/dp (cm'lGPa'l) at range of pressures:
(cm™)
Compression 0-2 GPa 2.8-14 GPa 14-22 GPa
2300 14.6 6.23 1.24
2340 16.7 10.02 3.25
2360 - 10.54 5.07
Decompression 1.8-0GPa 2.8-9 GPa 22-11 GPa
2300 16.14 6.98 3.61
2340 20.18 10.51 5.33
2360 16.33 10.96 8.11

5.3.2.3. High pressure phase of Mg(BHy),

The experiments show that as synthesized Mg(BH4), undergoes an irreversible
high pressure transition above 2.5 GPa. Therefore it is important to study the
decomposition temperature of this polymorph to check if it is a kinetically destabilized
phase. The high pressure phase was prepared by pressurizing as synthesized sample

loaded in a DAC up to 5.6 GPa. The high pressure phase was retained when the pressure
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was released which can be noticed from Figure 5.9. Then it was heated at various
temperatures up to 375 °C using a gas blower, as closed in the DAC to avoid reaction
with moisture. Neither phase transition nor decomposition was observed up to this
temperature. The hexagonal phase was observed to undergo phase transition above 180
°C and then decompose in two steps, at 290 and 317 °C, respectively [37, 38]. Further
studies have to be conducted to determine the decomposition temperature of the high

pressure phase and also to destabilize this compound by catalytic addition.
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Figure 5. 9: Raman spectra of Mg(BH4),; (a) as synthesized phase in comparison with
the high pressure phase during compression at some selected pressures,(b) high pressure

phase up to 375 °C at some selected temperatures.
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CHAPTER 6. HIGH PRESSURE INVESTIGATION OF Ca(BH,),

6.1. Introduction

Calcium borohydride, Ca(BHy),, has a theoretical hydrogen storage capacity of
11.48 wt %. Complex hydrides have high gravimetric storage capacities and among them
Ca(BHy), and Mg(BH,4), are promising materials because of the possibility of reversible
hydrogen storage [151]. In a proposed dehydrogenation reaction, hydrogen release of 9.6
wt % is possible from Ca(BH4), with CaH, and CaBg as decomposition products [160].
The thermal decomposition behavior of Ca(BH4), was investigated under hydrogen
pressure by Kim et al. [39], and under vacuum or inert gas flow by Aoki ef al. [161]. The
results show that Ca(BH4), undergoes transformation from an orthorhombic to a
tetragonal structure below 250 °C with 5.9 % hydrogen release. The structural
investigations at different temperatures and pressures help to identify various polymorphs
of the material which may have better thermodynamic stability. Ca(BH4), exhibits
polymorphism depending on the synthesis and processing conditions and also transforms
to different phases at various temperatures [96, 98, 151, 162-164]. Filinchuk et al. [96]
observed three polymorphs of Ca(BH4); in the temperature range 30- 600 °C which are of
orthorhombic- a (F2dd), tetragonal- o' (I-42d) and tetragonal-  (P-4) structures. Below
300 °C, a and @apolymorphs completely transforms to P phase. The second order
transition from a to tiis found to be dependent on heating rate/ sample synthesis and
processing conditions. Two more possible structures of o phase are C2/c and Fddd
suggested by Majzoub et al. [163], and Miwa et al. [160], respectively. Buchter et al.

[98], and Lee et al. [162], independently indexed tetragonal phase in P4,/m space group
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which seems to be more reliable than the P-4 structure, according to the results of this
study. An orthorhombic (y) phase of space group pbca was observed by Riktor et al.
[164] which transforms to  phase on heating to 290 °C and again to an unknown phase 3
around 330 °C. Catalyst addition is also found to be influencing the formation of different
phases in Ca(BHy4), by Ronnebro et al. [151].

Majzoub et al.[163] observed formation of ~50 % of the B phase after mechanical
milling of a- Ca(BH4), which was believed to be because of the combined effect of
pressure and temperature. They calculated the bulk modulus of various polymorphs of
Ca(BHy), using first principles method and it was ~15 GPa. The same group also
predicted transition of o to f phase at 5.3 GPa. Even though there is much theoretical
and high temperature work, high pressure experimental study on Ca(BH4), is not found
in the current literature. Factors affecting the polymorphism of Ca(BH4), is not yet
known completely. In situ X-ray diffraction and Raman spectroscopic studies on
Ca(BHy), at high pressures were carried out to understand the structural stability of its

polymorphs and to verify the results of theoretical calculations.

6.2. Experimental Details
6.2.1. Synthesis

Powder sample of Ca(BH4), was synthesized by heating CaCl, and NaBH, in
tetrahydrofuran (THF) at 80 °C. The obtained Ca(BHy4),2THF was dried at various
temperatures and under vacuum for long time to remove THF. This process results in the
formation of two polymorphs of Ca(BHy4), in orthorhombic (o) and tetragonal (B)

structures.

74



6.2.2. High pressure micro X-ray diffraction

Using an argon-filled glove box, this sample was loaded into the Mao-Bell type
DAC with a diamond culet size of 400 gum. The sample chamber was a stainless steel
gasket with hole of size ~190 um and thickness of 50 um. Both compression and
decompression data were collected at room temperature. The ruby fluorescence method
was used for pressure determination. Due to high reactivity of Ca(BHy), any kind of
pressure transmitting medium was avoided. High pressure diffraction studies were
conducted at Sector 16-IDB, HPCAT, Advanced Photon Source of Argonne National
Laboratory using X-rays of wavelength ~ 0.3681 A and Mar345 image plate detector.
The micro XRD experiment was repeated at the X17C beam line at NSLS, Brookhaven

National Laboratory which facilitating radiation of 1 = 0.4066 A.

6.3. Results and Discussion
6.3.1. X-ray diffraction

Figure 6.1 shows synchrotron X-ray diffraction patterns of Ca(BH,), collected at
ambient conditions and the results of Rietveld analysis. The analysis shows that sample is
a homogeneous mixture of o and B polymorphs. The a-Ca(BHy), is indexed with
orthorhombic- F2dd structure and the lattice parameters are a = 8.82(7) A, b = 13.05(10)
A, ¢ =7.404(5) A and V = 851.8(10) A* which agree well with the previous report [96].
All the previously reported tetragonal structures for B phase were checked and best match
was obtained when space group P4,/ m is used. The lattice parameters for f-Ca(BHy), is

found to be a = 6.88(4) A, ¢ = 4.32(5) A and V = 204.82(18) A’. This result is in
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agreement with that reported by Buchter ez al. [98], and Lee ef al[162], but contradict

with P-4 structure proposed by Filinchuk et al. [96], and Majzoub et al. [163].
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Figure 6. 1: Synchrotron X-ray diffraction pattern of the sample containing o and 3
polymorphs of Ca(BH4), at ambient conditions; (a) Debye ring, (b) integrated plot with

the results of Rietveld analysis.

Figure 6.2 shows picture of crystal structures of both a and B polymorphs in F2dd
(Z = 8) and P4,/m (Z = 2) space groups, respectively. The calculated molar volumes are
64.13 and 61.68 cm’/mol for a and B phase respectively. Molar volume of p phase is less
than that of a- Ca(BH4), implying a more close packed structure for the former. Figure
6.3 shows XRD patterns at various pressure during compression in a DAC up to 13 GPa

in comparison with a pattern obtained from decompressed sample. The disappearance of
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peaks corresponds to - Ca(BH4), above 10 GPa may corresponds to transition to a

highly disordered phase as discussed later in Raman spectroscopy results.

.' V ‘r """" : .

Figure 6. 2: The refined crystal structures of Ca(BH4), polymorphs; (o) orthorhombic
and (B) tetragonal- P42/ m phases. The atoms Ca, B and H are represented by symbols of

color blue, red, and black, respectively.

Upon decompression it is found that the transformation of B phase is irreversible
while a phase is stable in the pressure range studied. The calculated formation energies of
a and B phases are of the same order [98]. Therefore, both phases should coexist at
similar thermodynamical conditions. The results indicate that above 10 GPa, o phase is
more stable than the f phase which is compatible with previous report that the o phase
has a lower free energy than the - Ca(BH4), [162]. The unit cell parameters for a phase

at different pressures were obtained by Le Bail method.
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Figure 6. 3: Synchrotron XRD patterns of Ca(BH4),; during compression up to 13.6 GPa

and after decompression to 0.5 GPa (marked **).

Pressure volume data obtained for a- Ca(BHy), was fitted with third order Birch-
Murnaghan EoS (Figure 6.4) and its bulk modulus is found to be 22.95(4) GPa with V,=
866.06(18) A’ and K, = 2.63(0.5). This is higher than the calculated bulk modulus for the
polymorphs of Ca(BHy), by first-principles method which was ~15 GPa [163]. The
compressibility of Ca(BHy), is of the order of many metal borohydrides [96, 97]. Any a
to B phase transition was not observed in this experiment, around 5.3 GPa, as reported by

Majzoub et al. [163].
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Figure 6. 4: Pressure dependence of the volume (circles) for a-Ca(BHy), during

compression, fitted with the third-order Birch-Murnaghan equation of state (line).

6.3.2. Raman spectroscopy

Figure 6.5 shows Raman spectrum collected at ambient conditions which
confirms the presence of both a and - Ca(BHy), phases in the sample in comparison
with the previous reports [160, 163]. The peaks corresponds to each phase is resolved
with a Gaussian profile fitting. The analysis of BH, liberational (50-550 cm™) and B-H
bending modes in the region 1000-1300 cm™ are not included in Raman spectra at high

pressures because of its weak intensity or its overlap with the Raman peak of diamond.
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Figure 6. 5: Raman spectrum (blue line) of Ca(BH4), containing both a (yellow colored

peaks) and B (black colored peaks) polymorphs collected at ambient conditions.

Figure 6.6 shows the Raman spectra at various pressures in the region of B-H
stretching modes (2250- 2400 cm™) collected during compression and decompression.
Raman spectrum obtained in the range 0.2- 10.2 GPa shows coexistence of the a and
phases without any phase change. Above 10.2 GPa there is a shift in Raman vibrational
frequency of peaks corresponds to the a phase. While peaks of the  phase disappears and
a new peak originates around 2307 cm™ at 10.2 GPa. This is much clear in the plot of
variation of Raman shift with pressure (Figure 6.7). The analysis results implies a
structural transition of the B phase and occurrence of a hardening or reordering of B-H

bonds in the a- phase at high pressures.
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Figure 6. 6: Raman spectra of Ca(BH4),; (a) during compression up to 25 GPa, (b)
during decompression for B-H stretching modes. The peak (marked *) around 2650 cm™

1s because of diamond in the DAC.

On decompression, the behavior of the a- phase is found to be reversible around
5 GPa while that of the - phase is irreversible. Change in Raman vibrational frequencies
as a function of pressure (dv/dP) for B-H stretching modes during compression of
Ca(BHy), is given in Table 6.1. During decompression a frequency shift is observed

around 5 GPa, but the slopes remain unchanged for the peaks corresponds to the -
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Ca(BHy),. On comparing Raman spectroscopic results and XRD results, it may conclude

that the  phase transforms to a highly disordered structure above 10.2 GPa.
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Figure 6. 7: Change in the Raman shift with pressure for B-H stretching modes of
Ca(BH4)y; (a) during compression and (b) during decompression. The pressures
corresponding to the change in vibrational modes are marked by grid lines parallel to the

Y axis.

A partial decomposition of the Ca(BHj), sample leading to desorption of small
amount of hydrogen was also observed in the Raman spectroscopic study ~2.5 GPa, but
the possible decomposition products were absent in the XRD pattern at this pressure. The
decomposition may be caused by reaction with the small amount of moisture present in

the gasket chamber. A comparison of spectra collected around 0.5 GPa and after
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releasing pressure shows that o phase is unchanged which confirms the XRD results. It is
obvious that there is a phase transition of - Ca(BHy), while the a- phase is stable in the
pressure range studied, except some change in the bonding structure. Because of the poor
intensity of the XRD patterns at high pressure, structure of the new phase was not

determined.

Table 6. 1: Change in Raman shift frequencies as a function of pressure for B-H

stretching modes of Ca(BH4), during compression and decompression.

B-H stretching dv/dP (cm™” GPa™) at different P- ranges

modes at 0.7 GPa Compression Decompression

(cm™) 0.2-8.8 GPa  10.2-253 GPa  0.2-4.9 GPa 6.5-16 GPa
2298 6.04(6) -- -- 6.18(2)
2307 - 8.38(7) 10.81(3) 10.81(3)
2330 8.69(1) 7.99(4) 12.9(8) 12.9(8)
2375 6.79(5) 8.92(6) - -

2423 9.39 (11) - 5.85(11) -

2466 4.5(12) -- - -
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CHAPTER 7. HIGH PRESSURE INVESTIGATION AND

P-T PHASE DIAGRAM OF NaBH,

7.1. Introduction

Sodium borohydride (NaBHy) is a potential hydrogen storage material and has a
theoretical hydrogen storage capacity of 10.6 wt %. Li ef al. [165], demonstrated NaBH4
slurry as an efficient way of application and generated hydrogen by the simple reaction
NaBH4+ 2H,0-> NaBO,+ 4H,. Due to strong covalent and ionic bonding nature,
dissociation temperatures of borohydrides are very high. The improvement of the hydride
properties by catalytic addition requires better understanding of the phases and its phase
stability. It is found that the hydrogen desorption in NaBHy4 can be enhanced by addition
of Pt or Ru [166]. Under ambient conditions, NaBH, has a cubic structure with space
group Fm-3m [85, 167].

At low temperatures, around 190 K, NaBH,4 exists in a tetragonal structure [168,
169]. The well investigated high- pressure phases of NaBH4 at room temperature are
tetragonal- P 42,c and orthorhombic- Pnma structure which appears above 6.3 and 8.9
GPa, respectively [85]. The previous reports suggest that the orthorhombic phase is stable
in the pressure range 8.9- 30 GPa. Lee et al. [170], have studied ab initio structural
stability of cubic and tetragonal phases of NaBH4 up to 30 GPa and 4000 K but an
experimental phase diagram is lacking in the current literature in these ranges. A low
temperature phase diagram of NaBH4 was reported by Sundqvist ef al. [169], in the P- T
plane of 0-2 GPa and 100-300 K. In the phase diagram reported by Sundqvist et al. [169],

tetragonal to orthorhombic phase boundary of NaBH4 is marked in the range 9-11 GPa.
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Even though there are many reports on high pressure phase transitions of NaBHa,
some of them failed to observe a phase transition above 10.8 GPa [169]. The ab initio
calculations by Araujo et al. [171], showed a cubic to monoclinic transition at 19 GPa
and to orthorhombic at 33 GPa. Through Raman spectroscopic studies, the same group
observed a phase transition in the range ~10.8- 14.8 GPa and a completely new phase
was formed above 15 GPa. However, the XRD experiments reported cubic to tetragonal
transition at 6.3 GPa and to orthorhombic at 8.9 GPa [84, 85]. Because of these
inconsistencies in reported transition pressures and structure of the phases, in sifu high P-
T structural measurements were carried out on NaBH4 both by XRD and Raman
spectroscopy, using a DAC to obtain further understanding of its stability.

Filinchuk et al. [172], found that texture has much influence in the structure
refinement of NaBHj. Theoretically predicted structures of borohydrides (Ref. [148,
173]) are found to be different from that of the experimentally observed ones [80, 85, 94,
171]. More theoretical and experimental investigations are required to explain the
inconsistencies in these results. The present work is to extend the P-T plane of the
experimental NaBH, phase diagram from ambient to 17 GPa and 673 K using combined
XRD and Raman spectroscopy studies. The results of the high pressure Raman
spectroscopic studies of NaBH4 up to ~30 GPa is carried out and an interesting new
phase is observed. A comparative symmetry analysis also has been carried out for various

phases of NaBH,.
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7.2. Experimental Details

NaBH4 of 99 % purity, purchased from Sigma Aldrich was used for the study. All
sample handlings were carried out in an argon atmosphere. Mao-Bell type DAC with
diamonds of 0.4 mm culets and steel gasket of 0.18 mm hole was used. For heating
experiments resistive ring-heater and specially designed K- type thermocouples were
employed around diamond culets. For accurate pressure measurement, NaCl and ruby
chips were added to the sample. High pressure experiments were conducted with and
without mineral oil as a pressure transmitting medium and observed highly non
hydrostatic behavior above 12 GPa in both cases. In the heating experiments no pressure
transmitting medium was used. The XRD measurements at high P-T conditions were
conducted at station B2 of Cornell high energy synchrotron source (CHESS) in Cornell
University with facilitating radiation of wavelength, A = 0.49584 Some part of the
high P-T diffraction studies was carried out at X17B2 beam line of National Synchrotron
Light Source in Brookhaven National Laboratory (energy- dispersive, 20 = 6.4763).
High pressure XRD experiment was also carried out at HPCAT, Argonne National

Laboratory with an X-ray wavelength of 1 = 0.40026 A.

7.3. Results and Discussion
7.3.1. In situ high P-T X-ray diffraction
7.3.1.1. Angle dispersive micro X-ray diffraction
The micro XRD patterns of NaBH4 were refined with Rietveld analysis and the
obtained lattice parameter for the ambient cubic phase is a = 6.107(0.2) A with V =

227.83 A’ at 0.2 GPa which is in agreement with the previously reported value [85].
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Figure 7.1 shows the indexed synchrotron XRD pattern of cubic NaBHy4 with the results
of Rietveld analysis. In the cubic phase, the Na atoms occupy 4a sites at (0,0,0) and B
atoms at 4b (0.5,0.5,0.5) positions, whereas the H atoms occupy 32f sites with
coordinates x = 0.400264. The orientationally disordered (BH4) tetrahedral units are

octahedrally surrounded by Na' cations facilitating ionic nature for the compound.
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Figure 7. 1: Micro X-ray diffraction pattern of the cubic phase of NaBH,4 collected at 0.8
GPa using a synchrotron source with the results of Rietveld analysis. The peak positions
marked in green (a) corresponds to that of NaBH,4 and that marked in pink (b) are of

NacCl.
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Figure 7.2 shows selected X-ray diffraction patterns collected at different
pressures/ temperatures. The cubic structure is stable below 6.5 GPa and further increase
in pressure cause splitting of (200), (220) and (311) lines which indicate a transition to
tetragonal phase. XRD pattern collected at 9 GPa shows appearance of many new peaks
which corresponds to an orthorhombic phase. The tetragonal phase at 6.5 GPa
transformed back to cubic phase when temperature was increased to 373 K and the

compression increases this transformation temperature.
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Figure 7. 2: Selected XRD patterns of the three different phases of the NaBHy, at room
temperature; (a) the cubic (3.4 GPa), tetragonal (6.5 GPa) and orthorhombic (9 GPa). (b)
at various temperatures and 6.5 GPa. Between 323 and 373 K, tetragonal to cubic phase

transition occurs. Peaks marked * are of NaCl which was used as a pressure marker.
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Figure 7.3 shows schematic representation of the crystal structures of three
different phases of NaBH,. The high pressure XRD experiments were conducted up to 34
GPa to investigate a possible phase transition above 14 GPa which was observed with
Raman spectroscopy (discussed later). Figure 7.4 shows XRD patterns collected above 13
GPa for some selected pressures. Even though a new peak observed above 15.7 GPa
(marked by arrow in successive patterns), a phase transition is not clearly visible from the
peak revolution. This is due highly non hydrostatic pressure and the broadening of peaks
above 12 GPa. The experiments carried out with and without mineral oil as a pressure
medium. Due to solidification of the mineral oil above 9 GPa non hydrostaticity is
generated. All the phase transitions observed were reversible as can be inferred from the

XRD pattern of decompressed sample.

Figure 7. 3: Crystal structures of (a) the cubic, (b) tetragonal and (c) orthorhombic
phases of NaBHy4. The Na, B, and H are marked in green, orange and black symbols,

respectively.

In the cubic- NaBH4, various bond lengths are found to be 1.208- 1.709, 1.047,

3.03 and 2.57 A for H-H, B-H, Na-B and Na-H, respectively at 0.8 GPa. Except Na-H
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bonds all the other bonds are highly compressive. On increasing pressure from 0.8- 3.8
GPa, Na-H and B-H bonds exhibit 1.45 % and 22 % compression, respectively. Hence it
may expect that the distortion in (BHy4) tetrahedra can be causing the phase transitions.
The H-B-H and B-H-H bond angles remain unchanged in this pressure range while Na-
H-B and H-Na-H angles diverge or converge. The co-ordination number and geometry of

co-ordination polyhedra vary with pressure and temperature leading to phase transition.
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Figure 7. 4: Selected high pressure XRD patterns of NaBH, above 13.4 GPa up to 34

GPa. The arrow indicated new peaks, and decompressed pattern is marked *.
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7.3.1.2. Energy dispersive micro X-ray diffraction
A portion of the high P-T experiments on NaBH4 were carried out using multi
anvil press employed with a cylindrical graphite heater and tungsten carbide (WC) anvils
and the diffraction data were recorded using a CCD detector. Figure 7.5 shows an energy
dispersive XRD (EDXRD) pattern of the cubic phase. NaCl was used a pressure marker.

At each pressure sample was heated up to 675 K.
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Figure 7. 5: An EDXRD pattern of cubic- NaBHy at 0.2 GPa. The peaks marked (*), (o)

and (#) are due to BN, NaCl and K, respectively.

The pressure- volume- temperature (P-V-T) data obtained for the cubic phase of
NaBH, was fitted with the third order Birch-Murnaghan equation of state and the value of

Ky is found to be 18.76(1) GPa with K,' = 3.48(0.3) and equilibrium unit cell volume of
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231.817(0.9) A°. The temperature derivative of bulk modulus and the thermal expansion
coefficient were also determined for the ambient phase and the obtained values are dK/dT
=-0.01307 GPaK™" and o= 12.5 x 10°+ 23.21x 10™®* T/ K, respectively. Figure 7. 6 show
a comparison of P- V data at 298 and 573 K. At low pressures, below 2 GPa, the data
shows slight deviation from the previously reported data at room temperature by Kumar
et al. [85], which can be due to an error in pressure determination due to a buildup of

anisotropic stress [174].
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Figure 7. 6: Pressure dependence of the unit cell volume (circles) for the high-pressure
phase of cubic NaBH,4 during compression at room temperature and at 573 K, fitted with

third order Birch- Murnaghan EoS (line).

92



The obtained value of K, for cubic phase is in agreement with thel9.9 GPa
reported by Kumar ef al. [85]. They have also reported that the bulk modulus of
orthorhombic- NaBH, is 31.1 GPa. The ambient cubic phase of NaH and its high
pressure phase has a bulkmodulus of 19.4 and 28.3 GPa respectively [48]. It suggests that
the boron addition to NaH does not have much influence on its compressibility. The
calculated values of K, for cubic and tetragonal phases of NaBH,4are 20.6 and 30.9 GPa,
respectively at 0 K [84]. First principle calculations by Vajeeston et al. [91], shows a K,

of 7.6 GPa for the NaBH, which is much lower than all other reported values.

7.3.2. Raman spectroscopy
7.3.2.1. High pressure in situ Raman spectroscopy

Figure 7.7 shows Raman spectra of NaBH4 at some selected pressures and
temperatures in the B-H stretching region (2100-2500 cm™). B-H bending modes (1100-
1300 cm™) overlap with the Raman peaks due to diamond in DAC and hence were
excluded them from further analysis. According to the Raman spectroscopy results, phase
transitions occur at 6.3 and 83 GPa to tetragonal and orthorhombic structures
respectively. No new Raman peaks emerged in the cubic to tetragonal transition except
change of slope of the vibrational modes. There is a new peak appearing at 8.3 GPa
indicating tetragonal to orthorhombic phase transition. The cubic- tetragonal transition is
an order-disorder transition which was also observed below 190 K [174]. Again a new
phase starts to appear above 14 GPa and form a completely new phase around 17 GPa
and it is stable up to 30 GPa (Figure 7. 7b). It may be possible that the new phase is not

distinguishable in XRD patters, as above 14 GPa the peaks are much broader and weak
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which makes it difficult to identify any splitting of peaks. Above 14 GPa the relative
intensities of the peaks changes to that of a monoclinic- LiAlH4 with space group P2,/c
[69]. Any anomalies in Raman shift were not observed below 3 GPa as reported in

Araujo et al. [171]
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Figure 7. 7: Raman spectra of NaBH,4 during compression; (a) at selected pressures and
the spectrum marked ? corresponds to the appearance of a new phase, (b) spectra in the

range 14-30 GPa.
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Figure 7.8 shows Raman spectra collected at various pressures during
decompression. A large hysteresis (~3 GPa) is observed in the reverse transition of
orthorhombic phase at room temperature. The experimentally observed B-H stretching
mode frequencies for all the four phases of NaBH4 are presented in Table 7.1. The
Raman mode present at 754 cm™ in the spectra of cubic phase was not present in that of
the high pressure phases. The B-H bending mode ~1278 cm™ at high pressures were not

studied with pressure because of its overlap with the Raman peak of diamond from DAC.
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Figure 7. 8: Selected Raman spectra of NaBH4 during decompression.

The decompression data shows the phase transitions occurred are reversible with

a hysteresis which supports the observation of Sundqvist et al. [169]. The observed
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transitions are much clear from the plot of Raman shift with pressure (Figure 7.9). It is
found that pressure induced shift in Raman peaks arises from the bond compression and
the energy storage exerted by compressive stress [175]. Frequency of Raman modes
increase or stiffen the vibration with compression of bond under pressure whereas the

bond expansion softens the vibration. There is a correlation between B- H stretching

frequencies, B-H bond length and energy.
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Figure 7. 9: The Raman shift versus pressure obtained by peak fitting of B-H stretching
modes at each pressure; (a) during compression and (b) decompression. Pressures

corresponds to phase transition are marked with grid lines parallel to the Y axis.
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In the tetragonal phase the stiffening of bond due to compression is absent where
as all other phases has shift in Raman mode frequency. This can be related to the bond
reordering under pressure accompanied with the transition of an orientationally
disordered cubic to an orientationally ordered tetragonal phase. For a hydrogen bonded
B-H stretching mode, the positive pressure dependence may be explained by H-H
repulsion under compression [176]. A change in the slope of Raman shift versus pressure
plots and an appearance of a new peak during compression confirms the transition of
orthorhombic to another high pressure phase in the range 14-17 GPa.

It is difficult to distinguish an orthorhombic to tetragonal transition from the
decompression data which can be due to the large hysteresis of the reverse transition of
orthorhombic phase. Table 7.2 gives the change of slopes of Raman shift versus pressure
during compression which indicates that there are four high pressure phases of NaBH4
that exist in the range 0- 30 GPa at room temperature. First principle calculations by
Araujo et al. [171], found a cubic to monoclinic - P2;/c phase transition at 19 GPa while
their experimental Raman spectra ~14 GPa is very similar to that of the orthorhombic
phase as observed in this study.

Calculations of Kim et al. [84], and experiments of Kumar et al. [85], found that
orthorhombic phase is stable up to 30 GPa. The compression data of Araujo et al. [171],
shows a complete transition to an orthorhombic phase ~ 14.8 GPa which reverse
transform to low pressure phase at 7 GPa on decompression. This result deviates from the
observations of transition pressures of 8.3 and 5 GPa for forward and reverse transitions

of orthorhombic phase, respectively in this study. The difference in the measured
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pressures might be the reason why they have missed the phase transition above 14 GPa in

their Raman spectroscopic study up to 16.2 GPa.

Table 7. 1: The observed B-H stretching modes in cm™ (sh- shoulder) for different

phases of NaBH,.
0GPa 6.3GPa 9.1GPa 17.2GPa
cubic tetragonal orthorhombic monoclinic
2205.77 2286.62 2311.57 2368.12 sh
2236.77 2335.59 sh 2356.74 sh 2408.61 sh
2331.7 sh  2384.34 sh 2407.54 --
-- - 2436.89 2452.84 sh
2335.66 2426.13 sh 2450.44 sh --
2350.73 2430.05 2475.74 sh 2491.05
-- -- 2492.85 2534.12 sh
246191 sh 25124 2533.68 sh 2613.65 sh
-- -- 2591.52 sh 2671.24 sh

Table 7. 2: The pressure dependence of Raman shift frequency for NaBH,4 during both

compression and decompression.

Raman mode Compression Decompression

v (cm™) dv/dp (cm'GPa™) dv/dp (cm"GPa™)
0-6.3 GPa 8.3-17 GPa 17.5-28 GPa 5.2-13.6 GPa 14.2-26 GPa

2200  11.51(1)  8.2(7) 7.56(3) 9.9(0.5) 6.23(0.4)

2300 13.82(2)  8.88(2) 11.45(8) 12.97 (0.8) 6.05(0.7)

2340 15.93(1)  13.32(3) 11.97(9) 14.66 (0.6) --

2400 - 10.39(1) - 16.04(2) 6.07 (0.6)

7.3.2.2. High P-T Raman spectroscopy
High P-T Raman spectroscopic studies were carried out to construct the phase
diagram of NaBH,. Pressure was measured at room temperature and then heated the

sample in steps. The high pressure phase transitions were reversible with a rise in
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temperature as can be observed from Figures 7.10. After collecting spectra at each
temperature until the phase transition, the DAC was cooled down to room temperature to
increase the pressure with ruby fluorescence method. The transition temperatures were
noted on both heating and cooling cycles and the average value is used as a transition

point in the phase diagram.
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Figure 7. 10: The high temperature Raman spectra of NaBH, in the B-H stretching mode
region; (a) while heating at 9.5 GPa in comparison with a spectrum at 3 GPa, (b) at 14

GPa and different temperatures.

99



7.3.3. P-T phase diagram

The transition points for NaBH,4 at various pressures and temperature were noted
from both XRD and Raman spectroscopy experiments and constructed a P- T phase
diagram. Figure 7.11 shows phase diagram of the NaBHj in the pressure range 0- 17 GPa
and temperature range 175- 673 K. The phase boundaries are obtained by heating at
almost constant pressure. The cubic phase is found to be stable up to 673 K and 6 GPa.
On increasing pressure at room temperature, the cubic- NaBHy transform to tetragonal

phase at 6.5 GPa and back transform to cubic at 373 K.
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Figure 7. 11: P-T phase diagram of NaBH,4 investigated through DAC technique using
XRD and Raman spectroscopic measurements (circles) including the results of low
temperature study of Sundqvist ef al. [169], (asterisks). The phase regions marked C, T,
O and M are cubic, tetragonal, orthorhombic and monoclinic, respectively. The region

marked ? implies structure of phase is not confirmed.
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The phase transitions observed in NaBH4 are found to be reversible with increase
in temperature or decrease in pressure with some hysteresis. The available low
temperature P-T data were incorporated from Sundqvist et al. [169], in the current phase
diagram which is compatible with the present results. The cubic to tetragonal structural
transition has a narrow phase boundary compared to that of tetragonal to orthorhombic
transition implies entropy of cubic phase is comparable to that of the tetragonal phase. A
large slope observed for the cubic - tetragonal phase boundary thus can be correlated to a
significant volume change according to the Clapeyron equation, dT/dP = AV/AS. The
molar volumes of cubic, tetragonal and orthorhombic phases are found to be 34.3, 28.14
and 26.11 cm’/mol, respectively which suggests a larger slope for the cubic- tetragonal

than the tetragonal- orthorhombic phase boundary.

7.3.4. Correlation of site group to factor group and Raman activity

To identify the Raman active vibrational modes of different phases of NaBHy a
factor group analysis also have been carried out [177, 178]. The lattice modes of each site
and the total irreducible representations are summarized in Table 7.3. Total irreducible
representation of cubic (Oh5) phase of NaBHj, is found to be 't = Ajg+ Aoyt Eyt+ Egt
Tout 2Toet 4T+ T, which suggest that it has 30 degrees of vibrational freedom among
which T, is an acoustical mode and A,,, E, and T,, are Raman active modes. Therefore
there should be 4 fundamental vibrational modes in the Raman spectra of cubic phase.

Tetragonal (D2d4) phase with I',= 3A;+ 3A+ 5B+ 5B,+ 10E has 36 degrees of
vibrational freedom among which B, and E are acoustical modes and A;, By, B, and E are

Raman active modes. This implies there should be 21 fundamental vibrational modes in
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the Raman spectra of tetragonal phase. Further the orthorhombic phase of (D2h16) NaBH4
has ot = 9Ag+ 6A+ 6B g+ 9B+ 9Byt 6Byt 6B+ 9B3, and 60 degrees of vibrational
freedom among which By, By, and B3, are acoustical modes and Ag, Bi,, B, and Bs, are
Raman active modes. It gives 30 fundamental vibrational modes in the Raman spectra of
orthorhombic phase. A monoclinic- P2;/c structure (Csy’) can be assigned to the NaBH,
phase appeared above 14 GPa in comparison to the theoretical prediction of Araujo et al.
[171]. The monoclinic phase has 24 degrees of vibrational freedom (I'; = 3Ag+ 9A+
3B+ 9B,) and among which A, and B, are acoustical modes and A, and B, are Raman
active modes. Therefore there should be 6 fundamental vibrational modes in the Raman
spectra of monoclinic phase.

The observed Raman spectra are in agreement with the results of the factor group
analysis which shows an increment in the degrees of vibrational freedom and the number
of Raman active modes with pressure, from cubic to tetragonal and to orthorhombic
phase transitions and then a drop at the formation of the new phase. Therefore, it can be
concluded that the high pressure phase observed above 14 GPa can be of monoclinic
structure with space group P2,/c as showed by calculations of Araujo ef al. [171]. The
theoretically predicted monoclinic phase could be observed through Raman spectroscopy
unlike in XRD because of its ability to distinguish small traces of various local phases

coexisting in a compound [179].
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Table 7. 3: Symmetry analysis and irreducible representation of lattice modes of NaBH4.

Phase Translational modes of Total irreducible representation
atoms in each site

Cubic (225; Fm 3m; Oh’) Lot = A1gtAg+E+Eg+ T+
2T t4T 1+ T

Na (4a) On:Th

B (4b) On: T

H (32f) Csy: A1g+A2u+Eu+Eg+T2u+2T2g+2T1u+T1g

Tetragonal (114; P-42,c; Dyg*) Lot = 3A1+3A,+5B+5B,+10E

Na (2a) S4:B+B>+2E

B (2b) S4 ZB1+B2+2E

H (8e) Ci:3A1+3A,+3B+3B,+6E

Orthorhombic (62; Pnma; Dy, '%) Lot = 9A,+ 6A+ 6B+ 9B+
9By, t+ 6Byt 6B3.1+ 9B3,

Na (4C) Cs . 2Ag+Au+B1g+2B1u+2B2g+B2u+B3g+2B3u

B (4¢) Cs: 2Ag+Au+B1g+2B1u+2B2g+B2u+B3g+2B3u

H] (4C) Cs . 2Ag+Au+B1g+2B1u+2B2g+B2u+B3g+2B3u

H; (8d) Cy: 3Ag+3Au+3B1g+3B1u+3B2g+3B2u+3B3g+3B3u

Monoclinic (14; P2,/c; Cay’) Lo =3A4+ 9A,+ 3B+ 9B,

Na (2a) Ci :3A,+3By
B (2b) Ci :3A,+3B,
H (4e) C;:3A,+3A,+3B,+3B,
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CHAPTER 8. STRUCTURAL INVESTIGATION OF NaAlH4; AND THE

INFLUENCE OF BALL MILLING ON COMPRESSION PROPERTIES

8.1. Introduction

Sodium alanate (NaAlH4) has been proposed as a viable hydrogen storage
medium capable of supplying hydrogen at moderate temperatures and at rates required
for fuel cell applications. These favorable characteristics, particularly the reversibility of
NaAlH4 as a hydrogen storage media, were reported first by Bogdanovic ef al. [28]. An
extensive study of related complex metal hydrides including the reversibility and
enhanced desorption kinetics for NaAlH4 when doped with titanium and other transition
metals followed [180-183]. Phase transitions and crystal structure modifications have
been studied with the thermal decomposition of NaAlH4 [184, 185]. Enhanced desorption
kinetics were clearly demonstrated for NaAlHs doped with Ti and/or Zr catalyst [186,
187]. Ab initio calculations by projected augmented plane wave method indicate that
NaAlH, undergoes a phase transformation from tetragonal- P41/a to an orthorhombic-
Cmc2,; structure at 6.43 GPa with a 45 % volume contraction [74]. It was also suggested
that the orthorhombic phase of NaAlH4 stores more hydrogen volumetrically than the
tetragonal phase and would, if stabilized at ambient conditions, be an interesting
candidate for further studies with regard to hydrogen absorption/desorption efficiency.
Talyzin et al. [188], performed high pressure Raman measurements of NaAlH4 up to 17
GPa. They reported two possible phase transformations: one around 3 GPa which was
less obvious as a structural transformation, and a second at 12 GPa which was to an

orthorhombic structure. Experimental study of Kumar et al. [73], reports a tetragonal to
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monoclinic phase transition above 14 GPa. Upon release of pressure, the tetragonal
structure was found to reappear at ~4 GPa. In this study, XRD measurements of unmilled
or as received NaAlHs showed the phase transformation to an orthorhombic structure
which is in agreement with the prediction of Vajeeston et al. [74], followed by an
amorphization at 13.6 GPa. A close analogue, LiAlH4, has a monoclinic structure at
ambient conditions with space group P21/c and undergoes a slow transition to a
tetragonal phase between 2.2 and 3.5 GPa [69].

It has been reported that ball milling improves the hydrogen storage properties of
hydrides including NaAlH,4 [180, 182, 183, 189-191]. In general, the enhanced hydrogen
sorption properties of hydrides after ball milling have been attributed to: the formation of
large surface area, the reduction in grain size, and the introduction of lattice defects
[192]. Milling essentially results in increasing the surface to bulk ratio, increasing grain
and fault boundary densities that assist diffusion and the rate of H, sorption. Therefore, it
would be of great interest to study mechano-chemically milled NaAlH, to understand the
effect of milling on the structural behavior using high-pressure methods. To understand
the possible structure relations with respect to processing conditions of NaAlH, X-ray
diffraction and Raman spectroscopy measurements were performed on both unmilled and
milled samples. /n-situ measurements were carried out on unmilled NaAlH; wet with
mineral oil and found a structural transformation from a tetragonal to an orthorhombic
phase above 8.6 GPa. Above 13 GPa, the sample shows an amorphous behavior. Ball-
milled NaAlH; wet with mineral oil was studied with micro X-ray diffraction using a
synchrotron radiation source. Amorphization was started at 6.5 GPa and completed at

around 13.5 GPa without any other phase transition. The intensity of the powder
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diffraction patterns decreased with increasing pressure. The structural transformation was

found to be reversible when the pressure was released.

8.2. Unmilled NaAIH,
8.2.1. Experimental details

In-situ powder XRD and Raman spectroscopy measurements were carried out
simultaneously on the NaAlH, sample of 95 % purity purchased from Sigma Aldrich. A
sample wet with mineral oil was used for the study because of high reactivity of the
NaAlH,4 towards moisture. The sample was loaded along with tiny ruby chips in a DAC
of culet size 600 um. Sample chamber was a steel gasket with a hole size of 300 um and
thickness 100 um. XRD was carried out using a diffractometer equipped with rotating
anode generator (Bruker) and facilitating radiation of wavelength 0.71073 A. The 2D

diffraction data were collected using a CCD detector.

8.2.2. Results and discussion
8.2.2.1. X-ray diffraction
At ambient conditions, the NaAlH4 has a tetragonal structure with space group
I41/a. The lattice parameters of the unmilled sample were found to be a = 5.02629(2) A
and ¢ = 11.3562(7) A, which gives a unit cell volume of 286.898(4) A” that is in good
agreement with the previous report [193]. Figure 8.1 shows the angle dispersive X-ray
diffraction pattern of NaAlH, obtained at various pressures upto 15 GPa. It can be noted

from XRD results that the phase transformation begins at 8.6 GPa and completes at
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around 12.4 GPa. The appearance of new peaks at high pressures between 8.6 and 9.5

GPa is a clear indication of the phase transition.
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Figure 8. 1: The XRD patterns of unmilled NaAlH,4 recorded at various pressures up to

13.6 GPa. Peaks due to orthorhombic phase are marked by asterisks at 12.4 GPa.

It was not possible to obtain the structural parameters above 6.5 GPa because of
poor quality of diffraction patterns. The signals became very weak at higher pressures
and only two diffraction lines, which can be assigned to (1 0 3) and (2 0 0) atomic planes
were observed indicating partial amorphization of the sample [194]. A material can go to
an amorphous phase instead of a high pressure phase due to the strong stress effect [195].

Variation of lattice parameters with pressure was determined by structure refinement
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using Le Bail method. Figure 8.2 shows the obtained P-V plot of unmilled NaAlH; fitted

with third order Birch- Murnaghan EoS.
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Figure 8. 2: The P-V plot of unmilled NaAlH,4 (circles) fitted with Birch- Murnaghan

equation of state (line).

The compression along c- axis was found to be three times that along a- axis of
the unit cell of NaAlH4. The experimental data were fitted with third order Birch-
Murnaghan equation of state. Bulk modulus was found to be 25.65 GPa with K¢
constrained to 4 and V, = 288.3 A’. Transition to an orthorhombic phase was observed
just before amorphization. The transition pressure observed in this study was 2 GPa
above the computational result of Vajeeston et al. [74]. Amorphization of unmilled
NaAlH4 loaded with mineral oil was observed between 12.4 and 13.6 GPa. The structural

parameters were not refined for the orthorhombic- NaAlHy, but the peak positions shows
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orthorhombic structure with space group Cmc2, similar to that predicted by Vajeeston et

al. [74].

8.2.2.2. Raman spectroscopy
Raman spectrum of NaAlH; obtained at ambient conditions with mode
assignment was reported by Ross et al. [196]. Peaks observed in the range of 1600 and
1900 cm™ are of the Al-H stretching modes, and that between 700 and 950 cm™ is due to
Al-H bending modes, whereas those vibrations lower than 600 cm™ show the librational
and torsional modes which are in good agreement with the literature [74, 188, 196].
Figure 8.3 shows Raman spectra collected at various pressures up to 15 GPa during

compression of unmilled NaAlHy.
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Figure 8. 3: Raman spectra of unmilled NaAlHy at various pressures up to 15GPa. The

change in Raman modes under pressure are marked with arrow.

109



From the Raman spectroscopy data, it is evident that the sample becomes
amorphous between 12.4 and 15 GPa. A change in the peaks at liberational and stretching
mode regions was observed around 3 GPa which are indicated by arrows in Figure 8.3.
Raman spectra show changes in the collective vibration modes such as the splitting of the
peak at 130 cm™, and separation of the shoulder at 250 cm™ and appearance of a peak at
1685 cm™. Above 3 GPa, the splitting of peak at 210 cm” is very prominent and which
separates out completely at ~12.4 GPa. Also, splitting of a peak in the region of collective
vibration is observed between 9 and 12.4 GPa. The Al-H stretching mode disappears at
1700 cm™ and reappears at 1800 cm™. The changes in the vibrational modes of unmilled
NaAlH4 with pressure are evident from the Raman spectrum which confirms the phase
transformation. The anharmonicities observed by Raman spectroscopy below 3 GPa may
be attributed to an inhomogeneous pressure distribution within the sample or the local
bonding structure change due to larger compression along c-axis as compared to a- axis.
In comparison to the X-ray diffraction data, it is evident that the changes in the Raman
spectrum around 3 GPa corresponds to strong changes in the vibrational frequencies
caused by distortion of the tetragonal structure and not a phase transition. The
experiments were repeated three times with fresh loading of the sample and confirmed

the occurrence of the orthorhombic phase around 9 GPa.

8.3. Mechano-chemically Milled NaAlH,4
8.3.1. Experimental details
Powder sample of NaAlH4 having 99 % purity was purchased from Sigma-—

Aldrich, and was ball-milled for 60 min in a Spex 8000 ball mill machine. A vial with
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stainless steel balls of diameters 6.35 and 12.7 mm are used to mill the sample at room
temperature under a dry argon atmosphere. Milling typically resulted in a reduction of
particle size without decomposition. The crystal structure and purity of the milled alanate
were checked by XRD. The high-pressure micro X-ray diffraction experiments were
performed at 16-IDB at HPCAT of Argonne National Laboratory. The monochromatic
beam of wavelength 0.45657 A was focused to approximately 100 pm” and the data was
recorded by a Mar345 image plate.

The sample was loaded with mineral oil in a Mao-Bell type DAC. A stainless
steel gasket with a hole of size 200 pm and thickness 50 pm, was used as the sample
chamber. Grains of platinum metal were loaded with the sample as a pressure marker.
Analysis of the XRD patterns of the ball-milled sample shows single phase NaAlHy4
having tetragonal structure with space group /41/a identical to the unmilled sample. In
order to determine particle size, LaBg¢ crystals of particle size 2 um were used as the
standard. XRD patterns of NaAlH4 (both as-received and ball-milled) and LaBs were
recorded at the same conditions. Lattice parameters were determined from Rietveld
structure refinement using GSAS. Refined value of Lorentzian—Scherrer broadening term
in the GSAS profile function of LaBs was used as an instrumental broadening parameter.
This value was subtracted from the corresponding broadening term of the NaAlHy4
samples to determine diffraction line broadening related to the particle size effect.

8.3.2. Results and discussions

Gomes et al. [189], reported decreasing of the unit cell volume and c/a ratio after

ball milling which is in agreement with our results. These observations can be attributed

to the increase of surface to volume ratio in the particles. Average particle size (X) was
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%
determined using the relation: X = 1800”0L—K/1; Where K is the Scherrer constant (0.9),

) is the wavelength of X-rays in A, and L, is the Lorentzian broadening term in GSAS
profile function. From the above equation, particle size of as-received and ball-milled
NaAlH4 samples were found to be 1.08 um and 715 nm, respectively. It was found that
ball milling of the NaAlH,4 decreases the particle size by ~ 30 %. Figure 8.4 shows the

XRD patterns of the ball milled NaAIHy4 collected at various pressures up to 13.5 GPa.
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Figure 8. 4: The XRD patterns of the ball-milled NaAlH, collected at various pressures.
Pattern marked * is from decompressed sample, and Pt metal was used as a pressure

marker.
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Lattice parameters of the ball milled NaAlH; are determined by Rietveld
refinement of the micro XRD data and found to be: a = 4.800(1) A; ¢ = 10.56(1) A which
gives a unit cell volume of 243.48(2) A’. From the analysis of the XRD data it is
observed that the lattice parameters decrease with increasing pressure with a c/a ratio of
~2.2 is maintained. The amorphization of the ball-milled sample was occurred at
approximately 12 GPa, whereas for unmilled NaAlHy it was at 13.6 GPa. Structural
refinement was not possible at high pressures > 6.8 GPa, due to the peak broadening and
disappearance of all Bragg reflections other than that of (0 1 3) and (1 1 2). This is an
indication of the onset of amorphization of milled NaAlH4. The previous report of XRD
study of NaAlH4 indicates a phase transformation to a monoclinic phase which
corresponds to the amorphization pressure in our observation. This pressure-induced
amorphization must have been influenced by the presence of mineral oil, which can be
explained by the variation of the hydrostatic conditions [197]. High-pressure phases were
absent in the ball-milled samples as observed from both the micro XRD and Raman
spectroscopy experiments. The increase in the surface area (with strong stress effects) to
bulk volume ratio, resulting from ball milling could have forced the system to an
amorphous phase, as an easier path during the phase transformation [195].

The experimental P-V data were fitted with a third order Birch— Murnaghan
equation of state using the Marquardt—Levenberg least square procedure with a sigma
plot program. Figure 8.5 shows the behavior of unit cell volume with pressure and the
EoS fit with K¢’ constrained to 4. The ball-milling of NaAlH, caused an increase of K,
from 25.3(1) to 52.16(1) GPa, which is a surprisingly large positive effect. This can be

attributed to the lattice defects induced during milling. The experiment was repeated two
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times to confirm the amorphization pressure and presence of the high-pressure phase. The
difference in properties of ball milled sample from that of milled NaAlH4 may be caused
by the size-induced pressure effect due to larger surface area in the material when
compared to their bulk or due to the lattice defects generated during milling [198, 199].
To check the size effect with pressure, milled NaAlH, was loaded with mineral oil and
the XRD pattern was recorded up to 11.45 GPa. The pressure was then released to 2 GPa
and once again increased to 13.5 GPa but did not observe any changes other than the
amorphization. No high-pressure phase was observed prior to amorphization contrary to
the unmilled NaAlH,4. Hence, it can be concluded that pressurizing the sample to 11 GPa

did not have any effect on the particle size.
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Figure 8. 5: Birch Murnaghan EoS fit (line) to the P-V data (circles) of ball milled

NaA1H4.
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CHAPTER 9. HIGH PRESSURE INVESTIGATION OF

STRUCTURAL STABILITY OF LiAlH,4

9.1. Introduction

High-pressure modification of lithium alanate (LiAlH4) reported to be a very
interesting material for hydrogen storage applications, if it could be stabilized upon
release of pressure [71]. LiAlH4 and NaAlH, have received considerable attention due to
their high theoretical hydrogen storage capacities and light weight [200]. Under ambient
conditions LiAlH4 has a monoclinic structure with space group P21/c and four formula
units per unit cell [201]. The structure consists of AIH;™ units separated by Li" ions, and
the hydrogen atoms are arranged around the aluminum atoms in an almost regular
tetrahedral configuration. According to the computation results of Vajeeston et al. [71],
the monoclinic phases of LiAlH4 transforms above 2.6 GPa into a tetragonal- 141/a
structure which is isostructural to that of the ambient phase of NaAlH4 with a volume
collapse of 17 %. Again, at 33.8 GPa, LiAlH4 undergoes a transition from tetragonal to an
orthorhombic- Pnma structure [71].

Existing experimental data on high-pressure phase transformations of LiAlH,4 are
relatively old and were obtained using ex- situ methods [72, 202]. High- pressure Raman
spectroscopy experiments of LiAlH4 by Talyzin and Sundqvist [70], and Chellappa et al.
[69], confirmed a phase transition between 2 and 3.5 GPa. However, compression studies
of LiAlD, using neutron diffraction by Pitt et al. [203], showed no transitions up to 7.15
GPa, and a two-phase mixture was observed on increasing temperature above this

pressure. A reversible phase transition at ambient temperature was impossible to observe
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in such experiments, but the low pressure monoclinic phase of LiAlH; was recovered
after pressure treatment up to 9 GPa. The tetragonal and orthorhombic phases reported in
these early studies were observed only when high pressure was combined with high-
temperature treatment. High pressure phase transitions of pure LiAlH4 investigated using
in situ Raman spectroscopy and computation which shows that ~3 GPa the ambient
monoclinic- P21/c phase of LiAlH4 transform to a high pressure phase with a distorted
AlH4 tetrahedron [69, 70]. The phase transition is reversible below 1.4 GPa on
decompression. In this study, in situ XRD and Raman spectroscopy measurements were

carried out on the LiAIH,.

9.2. Experimental Details

The powder sample of LiAlH4 was obtained from Sigma Aldrich. The sample
used for the study was loaded in DAC with mineral oil to avoid its reaction to moisture.
The X-ray diffraction pattern were collected in steps of pressure using a rotating anode
generator (Brucker) with facilitating radiation of wavelength 0.71073 A. Raman spectrum
were recorded is steps of pressure up to 50 GPa. Ruby fluorescence method was used for

the pressure measurement.

9.3. Results and Discussion
9.3.1. X-ray diffraction

The analysis of powder X-ray diffraction pattern of LiAlH,4 collected at ambient
conditions suggest that it has a monoclinic- P21/c structure with lattice parameters; a =

4.858(3) A, b = 7.832(6) A, ¢ = 7.909(2) A and B = 112.53°. A high pressure phase
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transition at room temperature was observed above 2.16 GPa. Figure 9.1 shows the XRD

patterns collected up to 23 GPa at some selected pressures during compression.
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Figure 9. 1: Comparison of the high pressure XRD patterns of LiAlH4 collected at room

temperature.

The change of unit cell volume with pressure has been determined from the
analysis of XRD patterns. The P-V data thus obtained was fitted with third order Birch-
Murnaghan EoS (Figure 9.2). The bulk modulus of the ambient phase is found to be
13.87 GPa with a Ky’ = 4 and V, = 300.58 A® which agree with the theoretical

calculations [71].
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Figure 9. 2: The P-V data (circles) obtained for monoclinic phase of LiAlH4 fitted with

third order Birch-Murnaghan EoS (line).

9.3.2. Raman spectroscopy

Figure 9.3 shows the Raman spectrum of monoclinic phase collected at
ambient conditions. The strong characteristic peaks observed between 1600 and 1850 cm’
"are due to Al-H stretching modes. Al-H bending modes are found in the range 700-1500
cm’'. The liberational and translational lattice modes are very weak and observed
between 270 and 550 cm™'. Raman spectra collected at high pressures show that a change
in the vibrational modes occurs between 3.3 and 6.3 GPa. This can be attributed to a

monoclinic to tetragonal structural phase transition. The phase transformation predicted

by Vajeeston et al. [71], at 33 GPa from computation was not observed in the Raman
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spectroscopic studies up to 50 GPa. Softening of Al-H stretching modes and
corresponding shift to lower frequencies were observed beyond the transition pressure.
The pressure quenched high pressure phase shows the Al-H stretching mode shift again
to lower frequencies, suggesting a weakening of the Al-H bond. A weaker Al-H bond of
the high pressure phase of LiAlH4 implies its structural instability. Therefore it is
hypothesized that similar structural changes may be possible due to increased
coordination number of AI’" and the formation of AlHg octahedra by ball milling of

LiAlH4, which will result in enhanced dehydrogenation kinetics [69].
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Figure 9. 3: Raman spectrum of LiAlH,4 in at ambient conditions (dotted line) fitted with

a Gaussian profile function.

119



Figure 9.4 shows a comparison of the Raman spectra of LiAlH4 collected at
various pressures up to 6.3 GPa. Between 3.3 to 6.3 GPa, the structural phase transition is
evident from the appearance of a strong new peak at 1668 cm™ and the disappearance of

the Al-H stretching modes of monoclinic- LiAlH4.
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Figure 9. 4: Raman spectra of LiAlH4 collected at various pressures and at room

temperature.
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CHAPTER 10. PRINCIPAL COMPONENT ANALYSIS ON

PROPERTIES OF BINARY AND TERNARY HYDRIDES

10.1. Introduction

Material informatics is a developing area in material science in which a new
knowledge system is built by collecting and classifying information with the help of
calculations and databases. If experience and knowledge, captured and preserved in a
database format, it helps to investigate new materials efficiently. The abundance of
parameters causes difficulties in the interpretation of their relation. Many datum sets can
be correlated to define a single material property with the help of a mathematical
technique. The main challenge in this field is the difficulty in correlating many properties
of different set of materials. Most of the classical analytical methods for finding
characteristics of data set are very laborious and time consuming.

Lot of experimental and theoretical work has been done on hydrides in search of a
suitable material. A detailed hydride research database is required for proper retrieval of
information already available. Data were collected from available journal publications
and constructed a property database. Data sets in the hydride database can be correlated
to define a single material property using an available mathematical technique such as
principal component analysis (PCA) which is a widely used tool for dimensionality
reduction and for visualization of variable patterns. In this work, only binary (of the form
MHy, where x = 1, 2 or 3 and M is a metal) and ternary (of the form A,ByHy, where a, b

and x are integers and A, B are metals) metal hydrides have been considered. Other
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hydrides were excluded from the study due to the presence of large missing data and
associated error on analysis. This work investigates correlation among material properties

using PCA method.

10.2. Data

The property data include but not limited to specific heat (Cp), entropy (S), molar
volume (V) and hydrogen weight percentage (H wt %) of metal hydrides as well as the
sum of elemental properties of the metals corresponds to each compound and constructed
a database. Light metal hydrides of alkali and alkali-earth elements have good hydrogen
storage capacity but operation temperature is very high while transition metal hydrides
(eg. LaNisHg) release H, at room temperature but with less storage capacity. In order to
understand property interrelationships of hydrides PCA have been carried out by
considering the properties such as entropy of metal hydrides (Smy), molar volume of
metal hydrides (Vun), sum of specific heat of metals (Cpym) in each hydride, specific heat
of metal hydrides (Cpwmu), sum of entropy of metals (Sy) in each hydride, hydrogen
weight per cent (H w%) of hydrides and sum of the molar volume of metals (V) in each
hydride. Only these properties have been included in the current study due to the

unavailability of enough data on other properties.

10.3. Method
The property data of both binary and ternary hydrides are used for the study of
their interrelationships. If there are large number of variables and some of which are

correlated, it is required to consider only fewer variables that capture maximum variation
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in the original data set. For this purpose, a better approach is to consider all properties
and carry out principal component analysis. PCA can reveal certain characteristics or
combinations of the original variables that mostly determine the structure of the data
distribution which may not be related to known influencing factors in the data set. PCA is
one of the widely used techniques for dimensionality reduction with widespread
applications to pattern recognition, data classification, exploratory data analysis,
economics, life sciences, chemistry, geology and material science [204-208]. Due to
fascinating interrelationships of material properties, use of PCA analysis has wide
application in material science.

The data reduction in PCA is achieved by transforming variables to principal
components, which are uncorrelated (orthogonal) and ordered so that the first few retain
most of the variation in the total set of original variables with descending importance. If
some of the variables in data set are correlated, only a minimum number of linear
combinations are needed to describe most of the variability in the data set.
Correspondingly, for less-correlated data sets, more combinations are necessary. Such
linear combinations are called principal components (PC). As an example, if the first
three components explain ~90 % of the variability among the original data set of 10
variables, the number of variables to be analyzed has been reduced from 10 to 3. In PCA
the initial data matrix is represented as the inner product of row/ score matrix and
column/ loading matrix. The row matrix has the dimensionality r x n, where r is the
number of observations (i.e., compounds) in the initial data set, and n is the number of
principal components. The column matrix has the dimensionality n x ¢, where ¢ is the

number of observable properties (variables) in the initial data set. In a plot of a score
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vector against another score vector, compounds with similar properties will cluster [209-
211].

PCA analyses have been carried out by forming a matrix with columns as hydride
properties and rows corresponds to various hydrides. Based on the matrix diagonalization
procedure in SPSS- 15 (Statistical Package for Social Sciences), principal components
(eigenvectors) of the matrix were obtained. The eigenvectors are termed component
loadings and they are used to calculate the component scores. PCA eigenvectors provide
information about contribution of each variable to a component. This study helps to
correlate variables having common behavior and hence to classify hydrides with respect
to their chemical or physical nature.

The PCA option for factor analysis (FA) in SPSS is used in this study. FA is
solely concerned with correlations among variables. The methodology of FA is very
similar to PCA except that unique variability is excluded from the analysis. The output
from the SPSS program is not identical to that of generally used PCA analysis. By default
it will only extract factors whose eigenvalue is greater than one. By adjusting the number
of factors equal to variables it is possible to overcome the difference between PCA and
FA. Then the communalities (sum of the common components) are all 1.00 thus all the
variability is assumed to be common. In SPSS, factor loadings (component matrix) are
eigenvector normalized by the square root of its eigenvalue. The actual PCA can be
found from the eigenvectors of the loadings by dividing each loading with the square root
of the eigenvalue. The PCA derive a small number of linear combinations (PCs) of a set
of variables that retain most of the information in the original variables. The projection of

variables onto a PC is called scores. Plots of the scores for two or more PCs help us to
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find graphically the similarities and differences among variables. The distance between
points in a score plot shows if they are similar or different [205]. Thus it may be able to
find materials with similar properties (corresponds to closer points) which will help us to
select new hydrides for particular applications.

Because of randomly distributed missing data in the dataset, pair wise deletion
option is used in PCA to have a reasonable result. To achieve a clear pattern of
coefficients, PC axes can be rotated in any direction without changing the relative
locations of the points to one another with a change in actual coordinates of the points.
The rotated solutions explain the same amount of variance as the original solution [212].
Varimax method of orthogonal rotation is an analytical way for rotation of PC solutions.
The varimax rotation maximizes the sum of the variances of the squared coefficients
within each eigenvector while the rotated axes remain orthogonal. The varimax
normalised rotation has been carried out to maximize the values of the loading factors of

each compound analyzed.

10.4. Results and Discussion

A data set of hydride properties with ~200 compounds is interpreted. PCA has
been carried out on a set of data which consists of both binary and ternary hydrides as
well as on sets of data which contain just binary or just ternary hydrides. Figure 10.1
shows eigenvalues and the variance explained by each principal components (PCs)
obtained from the analysis of a set of data with both binary and ternary metal hydrides.
Number of factors to be considered for extracting proper information is determined from

the screeplot (plot of eigenvalue versus component number) and the percent variance.
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From the sudden fall of eigenvalues or the loadings of PCs (Figure 10.1) it is obvious that
the first two PCs (which explains 62.89 % and 30.15 % variance, respectively) reduced
the seven dimensional data set to a two dimensional data set, with an average 6.96 % loss

of detail.
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Figure 10. 1: Eigen value and total variance explained by each component obtained from

PCA of a set of data with both binary and ternary metal hydrides.

The component matrix obtained after applying varimax rotation from PCA of a
set of data which contain both binary and ternary hydrides is shown in Table 10.1. First
column represent the variable and next seven columns represent eigenvectors correspond
to the seven components. Contribution of first five variables to component one and last
two variables to component two are considerable defining an arbitrary limit of 0.75. The

correlation matrix for this analysis is given in Table 10.2. In order to evaluate the
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correlation between variables, it is important to know the magnitude or strength of the

correlation coefficient (Table 10.2) as well as the significance of the correlation. The

results show correlations among Cpwy, Cpmy, Smu, and V.

Table 10. 1: The component matrix obtained from PCA of a set of data with both binary

and ternary hydrides. Subscript M denotes metal and MH abbreviates metal hydride.

Property Components
1 2 3 4 5 6 7

Smu 0.984 0.085 -0.086 0.004 -0.120 -0.024 -0.033
Vmu  0.968 -0.019 0.036 -0.233 0.068 0.014 -0.039
Cpm 0935 0.216 -0.185 0.192 0.074 -0.051 0.002
Cpmu  0.872 0.471 -0.013 -0.110 -0.019 0.013 0.070
Sm 0.759 -0.628 -0.022 0.143 -0.001 0.087 0.003
Hwt% 0.208 0.901 0.360 0.116 0.003 0.024 -0.018
Vum 0.491 -0.792 0.360 0.011 -0.002 -0.051 0.017

Table 10. 2: Correlation matrix obtained from PCA of a set of data with both binary and

ternary hydrides. M and MH abbreviates metal and metal hydride, respectively.

VM SM CpM CpMH VMH H wt% SMH
Vum 1.000 0.859 0.226 0.049 0.499 -0.482 0.386
Sm 0.859 1.000 0.602 0.352 0.714 -0.398 0.694
Cpm 0.226 0.602 1.000 0.897 0.855 0.343 0.948
Cpmu 0.049 0352 0.897 1.000 0.857 0.587 0.899
Vmu 0.499 0.714 0.855 0.857 1.000 0.171 0.940
Hwt % -0.482 -0.398 0.343 0.587 0.171 1.000 0.251
Smu 0.386 0.694 0.948 0.899 0.940 0.251 1.000
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The plot of first two PCs obtained from PCA of a set of data which contain both
binary and ternary hydrides is shown in the Figure 10.2. The selected properties are found
to be confined to PC1-PC2 plane of the component plot which suggests that the first two

components explain most of the variability in the data set as predicted from the screeplot.
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Figure 10. 2: Component plots for a set of data with both binary and ternary hydrides.
Subscript M denotes metal and MH denotes metal hydride. S- entropy, Cp- specific heat,

V- molar volume and H wt %- hydrogen weight percent in each compound.

As two PCs cover ~93 % of the variance, plot of first two component scores is
enough to visualize any possible patterns. From the score plot, shown in Figure 10.3, it
can be observed that the ternary hydrides exhibits different phenomenon compared to

binary hydrides. Therefore PCA of binary and ternary hydrides were carried out

separately.
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Figure 10. 3: Plot of score 2 versus score 1of a set of data with both binary and ternary

hydrides.

The score plots obtained are presented in Figures 10.4 and 10.5. The outliers
found in these plots can be due to erroneous data for corresponding compounds. The
score plots help us to select materials for specific applications from its position in the
plot. The clustering of various hydrides in the score plots gives insight into similarity in
their properties. If the PCA plots show interrelationship among many properties, it is not

required to study all the properties of a hydride to determine its overall performance.
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Figure 10. 4: Plot of scores of first two principal components for binary hydrides.
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Figure 10. 5: Plot of scores of first two principal components for ternary hydrides.
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CHPATER 11. INVESTIGATION OF MIXTURES OF HYDRIDES

11.1. High Pressure Raman Spectroscopic Investigation of LiNH,BH;
11.1.1. Introduction

Ammonia borane, NH3BH3, is a promising candidate material for hydrogen
storage with 19.6 wt % of H,. A thermal decomposition of pure ammonia borane
proceeds in three steps and the release of all the hydrogen atoms occur only above 500
°C. NH;BHj; releases hydrogen via catalyzed hydrolysis in an aqueous solution [213,
214], catalyzed dehydrocoupling under non-aqueous conditions [215, 216], or
thermolysis at elevated temperatures [217, 218]. Catalyzed dehydrogenation, such as
acid-catalyzed solvolysis significantly reduces gravimetric density of the material due to
the presence of solvent. As a hydrogen storage material, NH;BH; also face drawback of
difficulty in its regeneration after dehydrogenation. Decomposition of pure NH3;BHj3
releases volatile byproducts like borazine that are unfavorable for fuel cell operation. The
release of first equivalent of H, from NH3;BH3 typically occurs upon its melting at 110 °C.
The subsequent release of the second equivalent of H, occurs above 130 °C, but is
generally concurrent with the generation of borazine,(BH)3;(NH);, and diborane (B,Hs)
gas impurities.

Xiangdong et al. [219, 220], reported that mechanically milling 1:1 mixture of
ammonia borane and lithium hydride yields a destabilized hydrogen storage material,
lithium amidotrihydroborate (LiNH,BH3). It has a hydrogen storage capacity of around
10 wt %. Advantage of LiNH,BH3 is that it can release over 7 wt % pure hydrogen at

around 100 °C, free of gas impurities. The decomposition temperature of the NH;BHj;
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sample destabilized by LiH was found to be lowered to 80 °C. LiNH,;BH; has an
orthorhombic- Pbca structure at ambient conditions [221]. The enthalpy of the reaction:
NH;BH;+ LiH-> LiNH;BH;+ H,1, is -16 kcal/mol [222]. The decomposition reaction
may be a two step process: LINH,BH;=> LiNHBH,+ H,> LiNBH+ H,.

The lightest metal hydride, LiH, has 12.5 wt % hydrogen content and 0.1 MPa
equilibrium hydrogen pressure at 910 °C. The ambient phase has a cubic structure which
is much compressible and densely packed [49]. Stephens and Lilley [51], investigated
LiH with isotopic substitution at room temperature. High pressure experiments revealed
that LiH is stable under compression up to 36 GPa [52, 223]. The computationally
predicted high pressure phase transition of LiH is at 0.66 TPa [53]. Melting curve of LiH
under compression was computed up to 200 GPa and 2725 °C by Ogitsu et al. [224], and
observed a change in electronic structure of the compressed melt at high temperatures.

The H-H interaction between the protonic (N-H) and hydridic (B-H) hydrogen
atoms of adjacent molecules attributes to the high melting point of NH3;BH; as compared
to similar compounds. Neutron diffraction studies at low-temperature show that in
NH3BHj;, the N-H...H-B interactions has the shortest H...H bond length of 2.02 A. This
is shorter than the the van der Waals distance (2.4 A) between the H atoms. Under
ambient conditions, NH3;BHj crystallizes in a tetragonal- /4mm structure with a unit cell
containing two molecules. At low temperature of about —48 'C, NH;BHj; exhibits a first
order rotational order-disorder phase transition to an orthorhombic-Pmn2; structure
[225]. Raman spectroscopy studies of NH3;BHj3; shows that the vibrational modes
involving the NH; group show negative pressure dependences whereas that of BH3 group

have a positive shift, which support the existence of the dihydrogen bond [226].
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Raman spectroscopy studies of NH3;BHj3 at high pressures by Lin ef al. [227],
observed N-H stretching modes in the range 3170- 3320 cm '. Changes in the N-H
stretching region were occurred at 5, 12 and 14.4 GPa during compression. The B-H
stretching modes (2200 and 2700 cm ') and B-N stretching modes (700- 1000 cm™') show
transitions at 2 and 12 GPa [227]. B-H bending vibrational modes was observed at 1171
and 1192 cm'. The results suggest that NH3;BH; shows three phase transitions at
approximately 2, 5, and 12 GPa [227]. At 2 GPa, the asymmetric B—H stretching mode,
the asymmetric B-H bending mode, as well as the low frequency rocking mode started to
split into two modes. Around 5 GPa, coalescence of the asymmetric N—H stretching
mode, as well as the splitting of the combined B-H and N-H rocking modes occurred. It
is proposed that NH3;BHj3 is dimerized at high pressure, forming diammonite of diborane,
H,B(NH;3),BHs. Ammonia borane shares the same empirical formula (BNHg) with
diamonite of borane and are products of symmetrical and unsymmetrical cleavages of
borane by ammonia, respectively.

Chitra et al. [228], investigated pressure- induced structural transformations of
diborane (B,Hg) using in situ Raman spectroscopy. Diborane is found to exist in the
liquid phase up to pressures of less than 4 GPa. At 4 GPa, it undergoes a liquid- solid
phase transformation to a new high- pressure phase with a possible structure similar to
that of its low- temperature orthorhombic phase. Again, above 6 GPa a new phase with a
possible extended network structure of higher hydrides of borane has formed. At
pressures above 14 GPa, diborane transforms to a third high-pressure phase. All of the
observed pressure-induced structural transformations of B,Hg are completely reversible

upon decompression. In the present study, LiNH,BHj is investigated under pressure
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using in situ Raman spectroscopy experiments. Because of poor quality of Raman spectra
collected in the bending mode region, only the B-H and N-H stretching modes are

analyzed in detail.

11.1.2. Results and Discussions

Raman spectroscopy studies of LiNH,BH; were conducted at ambient and high
pressure conditions on both compression and decompression. Table 11.1 lists the
vibrational modes observed for LINH,BH3 at ambient conditions. Figures 11. 1 and 11.2
shows the obtained Raman spectrum of LiNH,BH; collected at ambient conditions from
the sample loaded in a quartz capillary. In comparison to the computational results of the
vibratonal modes by Lee et al. [229], it can be concluded that the Raman spectrum
collected at ambient condition is that of pure LINH;BHj;. Because of low intensity of B-H
and N-H bending modes collected from DAC, only B-H and N-H stretching regions are
considered for further analysis. After loading the sample in a DAC, the Raman spectrum
of the sample is different from the as synthesized phase which was confirmed in repeated
experiments. Results show that the LiNH,BH; sample just closed in DAC (< 0.1 GPa)
undergoes partial transition/decomposition. Figure 11.3 shows images of the sample
chamber at different pressures. Portion of the sample which is transparent (W) and

opaque (D) to light are marked in the image at 4.2 GPa.
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Figure 11. 1: Lattice, bending and B-H stretching modes in the Raman spectrum of

LiNH,BH3, collected at ambient conditions fitted with a Gaussian profile function.

Figure 11.4 shows Raman spectra of the sample at different pressures collected
from both W and D regions. The Raman shift frequencies of B-H and N-H stretching
modes at 4.2 GPa which corresponds to two different phase regions, D and W, are listed
in Table 11.2. The frequencies given in bold letters in the table can not be due to
LiNH;BHj3;. The dark regions in the sample can be a two phase region which contains an
unidentified phase along with LiNH,BH;. The high pressure phase transitions were
reversible on decompression. The decompressed patterns show LiNH,BH;3 in both W and

D regions.
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Figure 11. 2: N-H stretching modes in the Raman spectrum of LiNH,;BH3, collected at

ambient conditions fitted with a Gaussian profile function.

17.2 GPa

Figure 11. 3: The sample loaded in DAC with two phase regions marked W and D at

different pressures. DPO implies decompressed sample at ambient conditions.
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Figure 11. 4: Raman spectra of LiNH,BH3 during compression (right) and

decompression (left) for the regions W (top) and D (bottom), respectively.
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Table 11. 1: Raman shift frequencies in cm™ for LINH,BH; (LAB) in this study at
ambient conditions in comparison with that of NH3;BHj3 (AB); str. Abbreviates stretching

modes. The mode frequencies marked * are from FTIR study [229].

LAB AB LAB AB LAB AB
[230] [230] [230]
Bending/str. B-H str. B-Hstr. N-Hstr.  N-H str.
806.01, 727 N-B-H  2016.9 X 3271.09, 3176,
800* rock 3197* 3195%
819.968 784 B-Nstr. 214132, x 3301.85, 3250,
3253* 3253*
834.154, 800 B-Nstr. 2143.72 X 3303.19, 3316,
842% 2148* 3314%*
862.465 X 2182.37, x 3355.82
2196* 3359*
903.248, X 2200.69 X 3359.5
901* B-N str.
910.905 X 2226.71 X 3664.92,
3675*
1021.78, 1065 N-B-H  2237.66 2279,
1016*, 1066* rock 2287* 2287*
1132.58 1155 BH; 2308.96 2328
1177.97, 1189 BH; 2354.97, 2375
1177* B-H 2349* 2343*
1261.03 1357 NH;3
1261.31, 1450 ov
1261*, B-H
1381*
1534.8, 1600 NH;3
1543* N-H
1616*

The peak observed at 3664 cm™ is very weak at ambient conditions, but is
stronger in the Raman spectra collected from the LiNH,BH; sample loaded in a DAC.
Lee et al. [229], observed a peak at 3675 cm™ in FTIR study which was unidentified.

They proposed that it may be due to an impurity of —OH or —NH origin. It can not be due
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to a Li related mode because that is observed around 1380 cm™. Other possibilities of
origin of the peak at 3675 cm™ was suggested to be due to disordered orientations of NH;
and BHj3 groups in the sample or an effect of peak splitting due to crystal field. This peak
disappears above 4.2 GPa with the observed phase transition and hence it may conclude
that the peak at 3664 cm™ is of LINH,BH;. The observed phase separation can not be
due to inhomogeneus pressure distribution, as the opaque region is not only located at the
center of the sample chamber but also at the corners of the gasket hole. The sharp ruby
fluorescense spectra observed during compression also suggest somewhat hydrostatic
conditions in the sample. High precausion was taken while loading the sample in the
DAC in an argone atmosphere of the glove box. Therefore, reaction with moisture is least
expected. Another possibility is the exposure to laser and the heating effect. This was
sorted out after long time laser exposure to both transparent and opaque regions without
any change. Therefore, it is expected that the phase separation is due to partial
decomposition of LiNH,BH;. The Raman spectra at any pressure does not show any
hydrogen peaks. Above 14 GPa, similar spectra was obtained from sample in both
regions and the sample was found to be transparent to light above this pressure. Hence, it
may be concluded that there may be a slow chemical reaction in the sample under
pressure which completes around 14 GPa and the sample become the unidentified new

phase above this pressure.
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Table 11. 2: B-H and N-H stretching modes of the LiNH,BHj3 in cm! at 4.2 GPa as
observed from Raman spectra of two different phase regions, D and W. The wave

numbers given in bold are of an unidentified phase.

D \%4 D W
2309.61 2317.27 3157.22 3157.12
2327.62 233294 3234776 3234.13
232996 233434 3239.16 3237.94
237898 «x 325733 x
2379.84 2392.01 3266.69 3270.21
2421.87 2425.58 3296.16 3295.75
2449.54  2466.52 3306.38 3309.17

2486.48 «x 333115 x
2511.57 2514.68 3386.41 x
3393.75 x

3513.64 3513.41
3516.23 3514.95
3679.03 3679

Figure 11.5 shows the change of Raman shift frequency with pressure for both W
and D regions. It may be concluded that the W portion is pure LiNH,BH; up to 4.2 GPa
and above which it undergoes a phase transition. The D portion is a mixture of
LiNH,;BH; and an unidentified phase. From the Raman shift versus pressure plots, the
phase boundaries can be indentified at 4.2, 9 and 15 GPa in W region. Whereas, in the D
region, the phase boundaries can be marked between 11-12 and 14-15 GPa. In this
experiment, Raman spectra were collected from the D region only above 4.2 GPa. A
repeated experiment shows a phase transition of the D region below 5 GPa as well.
Therefore it may be summarized that LINH,BH3 undergoe three phase transitions around

5, 10 and 14 GPa.
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Figure 11. 5: Change of Raman shift with pressure for LINH,BH; during compression
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respectively.
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The N-H stretching modes in the region W show softening similar to NH3;BH3
under pressure where as the spectra from region D show mixed behavior (both
compression and softening of different modes) which also confirms the existence of
structurally different phases in that region. The electron density can be tuned with rapidly
reducing volumes upon compression [228]. Therefore, pressure-induced chemical
reactions are highly possible in borane complexes. Drastic spectral changes observed
above 6 GPa in diborane was suggested to be due to enhanced intermolecular interaction
with a covalent nature. At higher pressures, as the mobility of the atoms is restricted, the
most facilitated phase transformations are the ones which are not associated with large
atomic movements. Hence, in a similar way the formation of higher hydrides may be
possible in LiNH,BH; without drastic changes in the atomic positions at high pressures

[228].

11.2. High P-T investigation of mixture of MgH, and AlH;
11.2.1. Introduction

Magnesium alanate, Mg(AlHy4),, is an interesting complex metal hydride with 9.3
wt % of hydrogen content. Computational studies suggest that at ambient conditions,
Mg(AlHy), is of trigonal- P~3m; structure which transform to a monoclinic- C2/m
structure around 0.68 GPa. Above 10.28 GPa, transition to an orthorhombic- Pbca
structure is expected [77]. The decomposition of Mg(AlH4), occurs in three steps, first in
the range 110- 200 'C, and second and third around 240- 380 and 400 C, respectively
[31]. By the second step, hydrogen is fully released and the third step corresponds to the

formation of AlzMg,. The enthalpy of reaction for MgH,+ 2AIH;> Mg(AlHy), is
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calculated in the range 11-29 kJ/mol and for AIH;+ MgH,> MgAIHs it is 12 kJ/mol,
which suggest that both are endothermic processes which may occur in the same
temperature range [231]. In an earlier study, Mg(AlH4), was synthesized by ball milling
the mixture of AlH; and MgH, and its decomposition enthalpy was reported as ~0 kJ/
mol H; [232]. Aim of this study was to synthesize Mg(AlH4), under high P-T conditions
from the stochiometric mixture of AlH; and MgH,. The sample was heated under
pressure up to 150 °C in steps and the results indicate a reaction has occurred and an
unidentified new phase has been formed.

Aluminium hydride is a covalent binary hydride which usually forms polymeric
compound (AlH3), and exist in more than six crystal structures depending on synthesize
and processing conditions [158]. AlH; has a hydrogen content of 10.1 wt % and
decomposes into elements in one step. The decomposition temperature is in the range 60-
200 °C for different polymorphs of AlH;. The hydrogenation of Al needs about 2.5 GPa
of H, pressure. The AlH; phases are metastable at room temperature possibly due to the
AlLO3 layer formation. The rhombohedral phase of AlH; has a reported decomposition
temperature of 175 °C, and a 1 hr ball milling reduces it to 125 °C. Sandrock et al. [233],
report that controlling particle-size and doping of AlH; with small levels of alkali-metal
hydrides results in accelerated desorption rates. It is found that addition of 20 mol % of
LiH reduces the desorption temperature of AlH; to below 100 <C which is good enough
to supply vehicles. In the present study a rhombohedral- R-3C polymorph (a-AlH3) has
been used.

High pressure investigations show that o-AlHj3 exhibit a monoclinic distortion

around 8 GPa and it has a bulk modulus value of 40 GPa [234, 235]. The reduced cell
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volume at high pressure is accommodated by an octahedral tilting and a decrease of the
Al-H bond distance. The formation enthalpy for the rhombohedral phase of AlHj; is
reported to be around —8.2 kJ/mol H; and it has absolute entropy of 20 J/K mol H,. High-
pressure experiments have demonstrated that Al absorbs hydrogen and form aluminum
hydride at 2.8 GPa of H; pressure at 300 °C [236].

MgH,; contains 7.7 wt % of hydrogen and the decomposition temperature is more
than 325 °C. Several high pressure phases have been observed under 19 GPa for MgH,
which are of tetragonal- P4,/mnm (0- 5.5 GPa), orthorhombic- Pbcn (5.5- 9.5 GPa),
cubic- Pa=3 (9.35- 10.36 GPa) and orthorhombic— Pbca (above 10 GPa) structures [60].
The orthorhombic- Pben and tetragonal phases coexist up to 9.5 GPa. MgH, can be
synthesized by low cost means; however its enthalpy of formation is much higher which
is around -76 kJ/mol [61]. Equilibrium pressure of MgH, is found to be about 0.1 MPa at
275 'C and for a mixture of MgH,/Si it is around 10 MPa at 150 C [50, 237].
Thermodynamic properties of MgH, were computed up to 1273 'C which indicates an
enhanced hydrogen property for this material at high temperature [238]. The bulk
modulus for different polymorphs of MgH, has been determined in the range 44- 50 GPa.
The computationally determined transition pressures are found to be lower than the
experimental values [239]. Among the high pressure phases, Pbcn structure of MgH, is
stable under ambient conditions owing to its structural similarity with the P4,/mnm
system.

Compared to other alkali- earth metal hydrides, MgH» has more number of phases
at high pressures and temperatures. Slow diffusion and kinetics prevent usage of MgH, as

an efficient candidate for hydrogen storage. MgH, can be synthesized under pressure and
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temperature of 3 MPa and 440 'C, respectively [240]. Bortz et al. [241], studied neutron
powder diffraction of Pben-MgH, formed by heating tetragonal phase to 800 'C at 2 GPa
and quenching to ambient conditions. The reverse transition of orthorhombic to
tetragonal phase occurs at 1 atm and 297 ‘C. The orthorhombic and tetragonal phases are
also found to be coexisting in the pressure ranges 2-8 GPa and 250-900 'C other than

between 5.5 and 9.5 GPa at room temperature [60, 241].

11.2.2. Results and discussions
11.2.2.1. X-ray diffraction

X-ray diffraction experiments were conducted using a Mo radiation of A =
0.71073 A and synchrotron source with A = 0.495937 A. The loaded DAC was heated ex-
situ in an oven. Figure 11.6 shows micro XRD patterns collected using a synchrotron
source at room temperature after heating the sample at different pressures. The XRD
pattern collected at ambient conditions shows the sample is a homogeneous mixture of
MgH, and AlHj;. After heating at 110 °C and 0.7 GPa for more than 12 hrs, the XRD
patterns show MgH, and Al. This imply decomposition of AlH; at this pressure and
temperature. When pressure was increased to 3.4 GPa, a shoulder was observed in the Al
peak which may be due to a partial reaction of Al with MgH, and H,. Pure Al metal do
not show any phase transition up to 27 GPa [242]. After increasing pressure to 7.2 GPa,
the sample was again heated at 150 °C for about 12 hrs and found new peaks in the XRD
pattern which was stable on decompression. Therefore we may conclude that some of the
new peaks observed after heating at 7.2 GPa is due to orthorhombic- Pbcn phase which

coexist with tetragonal- MgH, up to 9.5 GPa. The highest pressure achieved in the
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present experiment was ~9 GPa which is below the complete transition pressure of
MgH,. Therefore, even after release of pressure both MgH, phases were present along
with Al and an unidentified phase. The experimental results show that Mg(AlHy),

formation did not occur as expected.
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Figure 11. 6: The micro XRD patterns of mixture of AlH; and MgH, collected at various

pressures and room temperature. Abbreviations: bh- before heating, ah- after heating.
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Figure 11.7 shows there are two unidentified peaks at 26~ 13° and ~ 14.5°
which may corresponds to a new phase. Appearance of a new peak was also observed in
Raman spectroscopic study ~3.4 GPa suggesting a partial reaction between MgH,, Al and
H; around this pressure. The expected reaction of Al and H, was not occurred above 2.8

GPa which may be due to the low partial pressure of hydrogen in the sample chamber.

Intensity (arb. units)
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Figure 11. 7: The XRD pattern from decompressed sample at room temperature after

heating under pressure up to 9 GPa matched with peaks corresponds to MgH, (shorter

lines) and Al (longer lines).

Rietveld analysis of the obtained XRD pattern shows that the sample, after high

P-T treatment, is not a single phase like MgAIHs, but a mixture of two or three phases.
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MgAlHs is a possible decomposition product of magnesium alanate in the temperature
range 120- 155 °C by the reaction: 2Mg(AlH4),~> 2MgAlHs+ 2Al+ 3H, [243]. In
summary, a partial reaction of the components is found to be occurred and a M-Al-H
system is formed.

High pressure XRD patterns of Mg(AlH4), with LiCl (marked*) impurities are
shown in Figure 11.8. The micro XRD experiments were conducted with X-rays of
wavelength ~0.4151 A. At ambient conditions Mg(AlH,), is of trigonal- P~ 3m; structure.
At 0.68 GPa it transform to a monoclinic- C2/m structure. It agrees with theoretical
calculations of Hu et al. [77]. Above 10.28 GPa transition to an orthorhombic- Pbca

structure is expected but was not observed in this study up to 13 GPa.

*
n U 0.68 GPa
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Figure 11. 8: XRD patterns of Mg(AlH4), containing LiCI (marked *) at some selected

pressures.
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11.2.2.2. Raman spectroscopy
The mixture of 2AIH;+ MgH, was heated at ~110 °C and 0.1 MPa for 12 hrs.
After heating AIH; was decomposed to Al and H,. The mixture was then cooled to room
temperature and compressed in steps of pressure. A new peak was emerged in the Raman
spectra at 3.5 GPa which is marked with arrow in Figure 11.9. This resembles the Al-H
bending mode at 766 and 821 cm™ of Mg(AlH,), and hence the reaction of Al with

MgH, or H, can be expected.
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Figure 11. 9: Raman spectra of the 2AIH;+ MgH, mixture collected at various pressures

in comparison with the Raman spectra of Mg(AlH,); .
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The pressure was gradually increased up to 10 GPa. The new peak was
disappeared at 10 GPa and was reappeared on decompression below 4 GPa. Which
implies that the new peak is not due to MgH, as the orthorhombic phase is stable on
decompression confirming a possible reaction of Al with MgH; or H,. While, in the XRD
pattern at 10 GPa, the new peaks were not disappeared and was stable on decompression.
Therefore, it may be expected that the disappearence of peaks in the Raman spectra
above 10 GPa can be due to freezing of vibrations other than amorphization or

decomposition. Figure 11.10 shows Raman spectra of pure Mg(AlH4), at various

h /u\ p(e:).
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Figure 11. 10: Raman spectra of Mg(AlH,), collected at various pressures. Spectrum

marked * is of the decompressed sample and ‘ah’ abbreviates after heating.
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In the high pressure study of pure Mg(AlH,),, small amount of H, was released
above 0.35 GPa. This may be caused by the reaction of Mg(AlH4), with moisture on the
gasket hole surface. When pressure was increased above 5 GPa, the strong Al- H
stretching mode ~1800 cm™ disappeared and this transition was irreversible. Raman
spectroscopic studies of LiAlH4 and NaAlH, also show disappearance of Al-H stretching
modes at high pressures. To check effect of stress field, the sample cell was heated at 150

°C for about 6 hrs at 5 GPa (spectrum marked ah in Figure 11. 10) and found no change.

11.3. Mixtures of Si and MgH,
11.3.1. Introduction

MgH, contains 7.7 wt % of hydrogen and the decomposition temperature is above
325 °C. Thermodynamic properties of MgH, were computed up to 1273 °C which
indicates an enhanced hydrogen storage property for this material at high temperatures
[238]. The slow diffusion and kinetics prevent usage of MgH, as an efficient candidate
for hydrogen storage. Hence it is important to identify the best additive for destabilizing
this light metal hydride. MgH, can be synthesized by low cost means; however its
enthalpy of formation is much higher, around -76 kJ/mol [61]. Equilibrium pressure of
MgH; at 275 °C is about 0.1 MPa and for a mixture of MgH, and Si it is about10 MPa at
150 °C [50, 237]. This result indicates that the MgH,/Si system, which has a hydrogen
capacity of 5 wt %, could be applicable for hydrogen storage at reduced temperatures.
The MgH»/ Si system was found to be not readily reversible and the hydrogenation of the

Mg, Si appears to be kinetically limited.
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If a compound is stable with respect to its constituent elements, then the hydride
will be effectively destabilized. This occurs because the system can be cycled between
the hydride and the compound instead of the elemental metals and H,. For pure MgHo,
hydrogen desorption begins at approximately 295 °C, and an equilibrium pressure of 0.17
MPa was attained at 300 °C [50]. After milling the mixture of MgH, and Si and thermal
dehydrogenation up to 400 °C, Mg,Si was the predominant phase, with a small amount of
residual Si [50]. The reaction can be represented as: 2MgH,+ Si=> Mg,Si+ 2H,. The
standard enthalpy of formation of Mg;Si is -77.8 kJ/ mol [50]. Therefore, formation of
Mg,Si reduces the standard enthalpy of dehydrogenation, which is ~75.3 kJ/mol for pure
MgH; to 36.4 kJ/ mol for MgH,+ 1/2Si. High temperature studies of Mg,Si up to 700 °C
show it is stable in that temperature ranges [244]. The present study aim to synthesize a

compound by the reaction: 3MgH,+ Si=> MgSiH¢+ 2Mg.

11.3.2. Results and discussion

The high pressure experiments at room temperature on the mixture of Si and
MgH, showed only phase transitions of MgH,. Figure 11.11 shows XRD patterns of the
mixture and the components Si and MgH, collected at using X-rays of A = 0.71073 A.
When the sample mixture was heated at 3.8 GPa and 600 °C formation Mg and H,
implying the decomposition of MgH, without reacting to Si. In another experiment, the
mixture of MgH, and Si was heated at 0.5 GPa and 600 °C with a fresh loading using a
zirconia anvil cell. After cooling down the cell, Raman spectra shows formation of Mg,Si
alloy. Further studies has to be conducted to estimate the H, pressure required to

rehydrogenate Mg,Si. The observed reaction is: 3MgH,+ Si—> Mg,Si+ MgH,+ 2H,.
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Figure 11. 11: (a) The XRD pattern of the mixture of Si and MgH, in comparison to that
of pure components. (b) Raman spectra of MgH,+ Si mixture before and after heating at

0.5 GPa and 600 °C and that of pure Mg,Si; bh and ah abbreviates before and after

heating, respectively.

153



CHAPTER 12. COMPARISON OF PROPERTIES OF HYDRIDES

12.1. Properties of Metals and Hydrides: A Comparison

Estimation of different thermodynamic properties is required to determine the
stability of a hydride for suitable technological applications. In general, hydride
formation is accompanied by a structural phase transformation of the metal which has
effect on their properties. Therefore, it is important to correlate properties of both metal
and metal hydride to understand how the hydrogen influences the material properties.
Table 12.1 shows approximate value of molar volume of hydrogen atom in the boron
hydrides. The molar volume of boron hydrides are calculated from their unit cell volume.
The molar volume of B metal is ~4.5 cm’/mol. The difference of the molar volumes of
the boron hydride and boron atoms gives an approximate value of the volume occupied
by the hydrogen atoms. Average increase in molar volume per H- atom in the boron
hydrides is found to be ~6 cm’/mol. The values of thermodynamic properties of metal
may increase or decrease when it form a hydride. Table 12.2 summarizes structure and
entropy change due to hydride formation of some metal hydrides. Decrease or increase of
entropy may be a combined effect of structural transformation and charge transfer

between the metal and H- atom.
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Table 12. 1: Approximate values of molar volumes of hydrogen atoms in boron hydrides.

Hydride Vmol Z Vmol B AVmol of H
BxH, [245] (cm’/mol)  (cm’/mol)  in B.H,
BioHi4 123.41 45.6 5.56
BioHis 145.83 45.6 6.26
B2His 158.47 54.7 6.48
BisHio 176.08 59.3 6.15
B14Ha 176.54 63.9 5.63
BisHao 197.91 73 6.24
BisHz 215.21 82.1 6.05
BisHas 213.41 82.1 5.71
BaoHas 246.52 91.2 5.97
B>Hg 46.65 9.13 6.25
BH; 23.6 4.5 6.37
B4Hio 73.60 18.3 5.53
BsHi; 87.44 22.8 5.87
BsHy 78.26 22.8 6.16
BsHio 88.50 27.4 6.11
BsH;, 110.99 36.5 6.21

Table 12. 2: Variation of the entropy of hydrogen in some binary metal hydrides (MH,).

MH, MH, M AS
structure structure
PrH, fcc- Fm3m hcp- P6;/mmec  -8.58
NdH, fcc-Fm3m  hep- P6;/mme  -6.09
LaH, fcc-Fm3m  hep- P6;/mme  -2.61
ZrH, fcc-Fm3m  hep - P6s/mme  -1.92
YH, fcc-Fm3m  hep-P6;/mme -3.03
TiH, fcc-Fm3m  hep - P6s/mme  -0.52
LiH fcc-Fm3m  bee — Im3m -9.05
CsH fec-Fm3m  bee—Im3m 0.24
RbH fcc-Fm3m  bec—Im3m 8.62
KH fcc-Fm3m  bce —Im3m -14.46
NaH fecc-Fm3m  bee—Im3m -11.44
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A detailed hydride research database is required for proper retrieval of
information already available. In this study, data of various properties of more than 950
hydrides were collected from previous publications and public databases. The dataset
thus generated is an efficient tool to disseminate the material properties for hydrogen
storage technology. The aim of this work is to design new, better hydrides by combining
or interpreting the already available data. The hydride database has enabled the study of
inter-relationships of hydride material properties such as entropy, molar volume, density,
unit cell volume etc., with those of corresponding metals or metal alloys. Figures 12.1-
12.6 show comparative study of various properties of hydrides and the constituent metals.

Alkali metal hydrides have less molar volume than the corresponding metals. The
entropy-molar volume relationship (Figure 12.3) of hydrides is found to be different from
that of host metals. Analyzing the Figure 12.3, entropy of a hydride can be related to its
molar volume by the simple formula Sy = -3.074+ 2.153Vyy. Molar volume of a
hydride can be represented as Vyy = Vy+ Vgt A, where Vi is the molar volume of
metal/alloy, Vy is the molar volume of hydrogen as a metal (~1.7 cm’/mol), A is molar
volume due to charge transfer between metal and hydrogen atoms. There may be an
influence of crystal structure on the value of A and hence molar volume of hydride [246].
Larger the difference between electro-negativities of metal and hydrogen, greater will be
the charge transfer effects and hence the change in molar volume. The density of the
alkali metal hydride is higher than the corresponding metals may be caused by the crystal
structure difference. The alkali- hydrides have fcc (face centered cubic) metal lattice with
a packing density of 0.74 compared to 0.68 for corresponding bce (body centered cubic)

metal lattice.
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Figure 12. 1: Comparison of molar volume of binary hydrides and corresponding metal.
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In summary, the increase or decrease of entropy, density and volume can be a
combined effect of structural transformation and charge transfer between metal and H-
atom during the hydride formation. From Figure 12.5 it is obvious that hydrogenating a
metal results in large increase of its specific heat which may be due to hydrogen induced
optical vibration [250]. The hydrides which contain elements of same group or period
also show some similarity in their properties. Plot of molar volume of various alkali
metal hydrides versus the sum of that of host metals is shown in Figure 12.6. This plot
suggests that there may be an interrelationship between crystal chemistry and hydrogen
induced properties. Hydrides having similar symmetry should show interrelationship

among their properties which may vary from those of different symmetry.
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12.2. Inter-relationships of Thermodynamic Properties of Hydrides

Purpose of this study is to explore the thermodynamic properties of metal
hydrides which have no established relationships. This type of studies can give insight
into the influence of atomic or structural properties on the thermodynamics of the
hydrides. Figures 12.7- 12.11 show the interrelation of entropy (taken from FactSage
database), hydrogen content, specific heat, enthalpy and bulk modulus to molar volume
of metal hydrides. The enthalpy of alkali hydrides is found to be increasing with atomic
number, where as it is decreasing in the case of alkali earth metal hydrides. This can be

due to large number of H-H bonds in the alkali- earth metal hydrides or because of the
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partially ionic nature of M-H bonds. The entropy is found to be increasing in both cases

with increase in atomic number while CsH and BeH, show some deviation. This may be

attributed to covalent nature of BeH, while others are ionic. The large size of Cs and the

orintational freedom of hydrogen atoms may be causing a partially ionic bonding of CsH.

This in turn can result in the deviation of properties of CsH from that of similar hydrides.
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Figure 12. 7: Variation of entropy with molar volume of various hydrides [62, 249-253].
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From the plot of variation of bulk modulus with molar volume (Figure 12. 11) of
metal hydrides, it can be observed that heavy alkali hydrides are more compressible than
the alkaline earth metal hydrides. The high compressibility of heavy alkali metal hydrides
suggests that tuning of electron density is possible in these compounds under pressure.
Therefore, chemical reaction with additives should be investigated for these hydrides as a
step towards their destabilization. There is some disparity in the data of BaH; as it has a
lower value of bulk modulus (experimental: 24 GPa, calculated: 31 GPa) as compared to
similar hydrides. This deviation from behavior of other alkali- earth metal hydrides
implies that the high pressure study of BaH; has to be redone to confirm the accuracy of

the data.
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Figure 12. 10: Plot of enthalpy versus molar volume of alkali and alkali- earth metal

hydrides.
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Figure 12.12 shows plot of decomposition temperature versus density of alkali and
alkali- earth metal hydrides. High density alkali hydrides decompose at lower
temperatures than the low density compounds. The alkali- earth metal hydrides show
opposite behavior. This may be caused by the difference in hydrogen bonding in those

hydrides.

164



iH
700 i.?LI

\%Sr_HZ #BaH2

6004 #CaH2

500 -

S ] N

. ¥MgH2 -
300 -

YBeH2
200 -

YRbH" - . . #CsH
1 d 1 M I M I v I v 1 v | M |
1.0 1.5 2.0 25 3.0 3.5 4.0 4.5

Density (g/cm3)
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Alanates are less stable than corresponding borohydrides because the AI-H bonds are
weaker than the B-H bonds. The decomposition temperature rises as size of the metal
increases from Li to Cs for alkali borohydrides (Figure 12.13). Plot of bulk modulus
versus molar volume of alkali and alkali- earth complex hydrides (Figure 12.14) show
some similarity between light borohydrides and heavy alanates and vice versa. The bulk
modulus values indicate that complex hydrides are more compressible than metals and
metal hydrides. Therefore, it will be interesting to study their destabilization by
additives/catalysts. This is possible by tuning the electron density of these complex

hydrides under pressure.

165



.-~ wCsBH4

600 - . #RbBH4
] NaBH4 e
500 - < Y KBH4
—~ 4004 "
o #LiBH4
- 1
200 #CaB2H8
#MgB2H8  +HKAIH4
50501 o vNaAlH4
LiAIH47#MgAI2HE
#CaAl2H8
100

— 1 ' T ' T ' 1 L L L
0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50

Density (g/cms)
Figure 12. 13: Plot of decomposition temperature versus density of alkali and alkali-

earth complex hydrides.

“NaAlH4
25 '
#CaB2H8
20
g si?kBH4
o .
& 1° LBREH #RbBH4
. YrLiAIH4
104 - " KKAIH4 &
<RBAIHL A |14 : #MgAI2H8
5 - CsBH4
L I ¥ L] . | ¥ I 4 | ' I
40 50 60 70 80 90

V_ (cm’/mol)

Figure 12. 14: Plot of bulk modulus versus molar volume of alkali and alkali- earth

complex hydrides.

166



12.3. Structural Properties of Complex Metal Hydrides

The high pressure structural behavior of alkali and alkali- earth metal borohydrides is
widely investigated. High pressure phase transitions of alkali metal borohydrides are
found to be first-order and fully reversible whereas that of alkali- earth complex hydrides
are irreversible. Due to strong covalent and ionic bonding nature, dissociation
temperatures of borohydrides are very high. The improvement of the hydride properties
by catalytic addition requires better understanding of the crystal structure and stability of
the phases. The ambient phase of LiBH4 which has an orthorhombic- Pnma structure
transforms initially into a tetragonal- Ama2 at 1.2 GPa and then to a cubic- Fm™3 m phase
at 10 GPa [79, 152]. The cubic phase of NaBH, transforms into a tetragonal- P742c
structure above 6 GPa and then to an orthorhombic- Pnma phase above 8 GPa [84].
KBH,4 exhibits structural transitions from a cubic- Fm3m to a tetragonal- P™42,c phase at
3.8 GPa and then to an orthorhombic- Pnma phase at 6.8 GPa [87].

The study of structural stability of RbBH4 at room temperature shows a transition
from the ambient cubic- Fm™3m phase to an orthorhombic- Prnma phase around 2.5 GPa,
and then to a monoclinic- P21/c phase above 8 GPa [90]. The reduction in the cubic to
tetragonal transition pressure and the absence of a tetragonal high-pressure phase in
RbBH, suggest that the transition pressure is influenced by the size of the alkali atom
during the structural rearrangement of BHs~ anions and alkali cations. A comparison of
the transition pressure among first group metal borohydrides shows that the increase in
the size of the alkali cation leads to a decrease in the transition pressure. A lower bulk
modulus and a large volume collapse during the first transition imply that both the Rb—H

bonds and the BH4 units are more compressible and rearranged than that of NaBH,. This
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may favor a direct transition from the cubic phase to the orthorhombic phase without an
intermediate structure. Raman spectra as a function of temperature measured for these
cubic borohydrides by Hageman et al. [254], also suggest a similar scenario where the
energy barrier of the reorientation of the BH4~ anions decreases as a function of cation
size. Like Na, K, and Rb borohydride counterparts, CsBH, also crystallizes in Fm3m
structure at room temperature with a disordered BH4~ complex [89]. Low temperature
order-disorder phase transitions are observed in the alkali borohydrides, which ranges
from -83 C for NaBH 4 to -246 °C for CsBH 4 [88]. Compared to other alkali metal
borohydrides, CsBH4 has a higher symmetry structure [91]. High temperature Raman
spectroscopic studies of alkali borohydrides show BH4~ ions are easily reoriented in
CsBH4 [254].

Among alkali- earth metal borohydrides, Be(BH,4), is found to be of tetragonal-
I4;cd structure with a covalent bonding.The estimated decomposition temperature of
Be(BHy), is -111°C, even though the compound is found to be stable at room
temperature [36, 92]. The crystal structure and the electronic density of states suggest
formation of [-BH4s—Be—]n helical polymers. In general BH,™ units in borohydrides have
a tetragonal co-ordination, whereas in Be(BHy), it has a trigonal co-ordination [99].
Dehydrogenation of Be(BH4), to elements is more favorable than that to BeH, unlike
other complex hydrides. Ca(BHy), has an orthorhombic- F2dd and Mg(BH,4), has a
complex hexagonal structure with space group P6,22 and both of them exhibits
polymorphism [94, 97, 160]. Therefore it is interesting to study structural behavior of
metal borohydrides under various conditions of pressures and temperatures. Above 2.5

GPa magnesium borohydride transform to a high pressure phase with P65 structure which
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is metastable at ambient conditions. Raman spectroscopic studies show another structural
transition of Mg(BH,), above 14 GPa to an unidentified phase. At 180 °C an irreversible
transition of Mg(BHy4), which occurs from P6,22 to an orthorhombic- Fddd phase. The
Fddd phase of Ca(BH4); transforms to a F2dd structure at -182 °C. At high temperatures,
three tetragonal phases of Ca(BHy), are found which are P74 (~32 -C), P™4/2m (207 -C)
and ['42d (222 »C). The P™42/m phase is stable at ambient conditions and formed as a
result of synthesizing and processing conditions. Mechano- chemical synthesize of
Ca(BHj,), show formation of a small amount of Pbca with the Fddd phase [98].

Except LiAlH; (monoclinic) and NaAlH4 (tetragonal), alkali alanates are of
orthorhombic symmetry. Around 3 GPa the ambient monoclinic- P2;/c phase of LiAlH,
transform to a high pressure phase with a distorted AIH,4 tetrahedron [69, 70]. NaAlH4
undergoes a phase transformation from a tetragonal- /4,/a to an orthorhombic- Cmc2;
structure at 6.43 GPa with 45 % volume contraction [71]. Experimental study of Kumar
et al. [73], reports a tetragonal to monoclinic of NaAlH4 phase transition above 14 GPa.
First principle density functional theory studies show that RbAIH4 and CsAlH, exist in
orthorhombic- Pnma structure at room temperature [26]. Computation of crystallographic
data suggest that at ambient conditions, Mg(AlH4), has a trigonal- P~3m, structure which
transform to a monoclinic- C2/m structure around 0.68 GPa. Above 10.28 GPa, transition
to an orthorhombic- Pbca structure is expected [77]. The decomposition of Mg(AlH4),
occurs in three steps, first in the range 110- 200 ‘C, and second and third around 240- 380
and 400 'C, respectively [31]. Density functional theory calculations predict that

Ca(AlH,); is a insulator with orthorhombic- Pbca structure [33].
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The bulk modulus of several borohydrides and alanates has been determined by high
pressure studies. Among that, LiBH, has bulk modulus values in the range 14.4— 26 GPa
for three different phases [79]. For KBH,4, the K is found to be 16.8 GPa [87], whereas
for RbBH, it is 14.5 GPa [90]. The orthorhombic phase of Ca(BH4), and the high
pressure phase of Mg(BHy), have bulk moduli of 22.9 and 10.16 GPa, respectively [94,
97]. Alanates of alkali and alkali- earth metals also has experimental and computed
values of bulk modulus in the range 8- 35 GPa [69-71, 73, 75-78]. Among alkali-earth
compounds, studies of Sr and Ba based complex hydrides are lacking. It is interesting to
note that all these borohydrides and alanates have bulk modulus in the same range and
they are highly compressible. Figure 12.15 shows the change in molar volume under
applied pressure for various complex hydrides. Results show that the borohydrides and
alanates are highly compressible solids and hence they may be destabilized under
pressure with additives/catalysts to enhance the hydrogenation kinetics. The reordering of
Al-H and B-H bonds in the complex hydrides is responsible for the observed phase

transitions in them.
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CHAPTER 13. SUMMARY

Important results derived from this dissertation are concluded below. These
include inferences from the high pressure and temperature investigations of MgyFeHg,
Mg(BH,4),, Ca(BH4),, NaBH4, NaAlH4, LiAlH4 | LiNH;BH3 and mixture of MgH, with
AlHj; or Si. Interesting features derived from the study of inter- relationships of various

properties of hydrides are also summarized.

13.1. Conclusions

High pressure phase transitions and physical properties of the selected complex
hydrides were investigated with X-ray diffraction and Raman spectroscopy studies. The
observed phase transitions and structural data are summarized in the Table 13.1. High
pressure phase transitions of alkali metal complex hydrides are found to be first order and
fully reversible whereas that of the alkali-earth metal complex hydrides are irreversible.
A P-T phase diagram of NaBH,4 was also constructed which confirms all the transitions

observed for this compound were first order and exothermic. MngeH . did not show any

phase transition up to the highest pressure reached which indicate high stability of Fe-H
bonds. Transition pressure is influenced by the size of alkali atom and the rearrangement
of anions and cations. A comparison of the bulk modulus values indicates that complex
hydrides are more compressible than their metals and metal hydrides. The reordering of
the highly compressible Al-H and B-H bonds in alanates and borohydrides, respectively

are responsible for the observed phase transitions in these compounds. With high

172



capacity and favorable thermodynamics, Mg(BH4), and Ca(BHy4), are suitable for
reversible hydrogen storage.

Large thermal expansion observed for the hydrides can be due to the hydrogen
induced optical vibration. Bulk modulus values of ball milled sample were found to be
higher than that of the unmilled sample. This can be attributed to the particle size
reduction and related stress effect due to milling. It is also noted that the alanates and
borohydrides have bulk modulus in the same range and they are highly compressible. The
high compressibility of the complex metal hydrides suggests that tuning of electron
density is possible in these compounds under pressure. Therefore, alanates and
borohydrides can be destabilized with additives/catalysts under pressure to enhance the
hydrogenation kinetics. On a comparison with the literature data, the decomposition
temperature and bulk modulus of alkali metal complex hydrides are found to be
increasing with the size of the metal atom due to stronger covalent and ionic bonding in
them. The transition pressure is found to be independent of size of metal atoms in
complex hydrides unlike the metal hydrides. Bulk modulus of alkali and alkali earth
hydrides are higher than that of corresponding metals, suggesting a hydrogen induced
hardening of these materials. B-H bond energy is larger than the Al-H bond energy and
hence the bulk modulus of borohydrides is higher than that of their alanate counterparts.
An unidentified new phase was formed in the high pressure- temperature study of the
mixture of AlH; and MgH,. Investigation of LiNH,BH; with high pressure Raman
spectroscopy show phase transitions approximately at 5, 10 and 15 GPa. MgH, was

destabilized by Si and formed Mg,Si at 0.5 GPa and 600 °C.
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Table 13.1. Summary of the results obtained from the high pressure and/or temperature

investigations of the complex hydrides. Data marked * are of ball milled sample.

Hydride P Structure/ Space K K', Voéf.u o
0 5 -1

(GPa)  group (GPa) A) (10K
LiAlH4 0-2.16 Monoclinic/ P2 1/c 13.87 4 75.15

>3 Tetragonal/ 14 /a
NaAlH 0-6 Tetragonal/ 14 /a 253, 4 72.08

4 1 "

>6.3 Orthorhombic/Cme2, 522

NaBH, 0- 6.3 Cubic/ Fm™3m 18.76 3.5 57.95 12.06

6.3- 8.9 Tetragonal/ P742 ©

8.9-14  Orthorhombic/ Pnma
>14 Monoclinic/ P2 1/c

Mg(BH 4)2 0-2.5 Hexagonal/ P6122 4

2154 14 Hexagonal/ P6, 10.16 94.53

>

Unidentified

Ca(BH4)2 >0 Orthorhombic/ F2dd 2295 2.6 108.26

0-10.2  Tetragonal/ P4 2/m
Mg FeH_ 0- 36 Cubic/ Fm3m 75.4, 4 66.95 5.85

139*

Entropy, molar volume, specific heat and hydrogen content of both binary and
ternary metal hydrides were analyzed with principal component analysis method. The
comparison of properties between metals and their corresponding hydrides gives insight
into a combined effect of charge transfer between metal and H-atom, and structural
transformation. The specific heat of binary hydrides is higher than that of the
corresponding metals, whereas the molar volume and entropy of certain hydrides were
less than that of corresponding metals which suggests an interrelationship between crystal
chemistry and hydrogen induced properties. The average value of molar volume of H-

atom in the boron hydrides was determined to be ~6 cm’/mol. The thermodynamic
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properties of various metal hydrides were correlated and found many interesting features.
The entropy- molar volume relationship of hydrides is found to be different from that of
the host metals. Entropy of a hydride can be related to the molar volume of the metal by
the equation: Syy = -3.074+ 2.153 (Vyt+ Vgt A). Larger the difference between electro-
negativities of metal and hydrogen, greater will be the charge transfer effects (A) and

hence the change of entropy of the hydride.

13.2. Recommendations for Future Research

o The hydrides investigated are promising hydrogen storage materials. Further studies
are required to understand the mechanism to overcome kinetic barriers of
dehydrogenation of the complex hydrides. The additives should be selected such that
it weakens the B-H and AIl-H bonds in the borohydrides and alanates, respectively.
Improved hydrogenation properties are expected for the complex hydrides owing to
their high compressibility which should be investigated under pressure. The
decomposition temperature of the high pressure phases of the hydrides which are
metastable at ambient conditions has to be determined to confirm whether they are
usable.

o Some of the complex hydrides like LiAlH4 exhibit high ionic conductivity and hence
potential for their application as a solid electrolyte should be investigated.

o Further studies of Mg(AlH4), has to be carried out to determine the structure of the
high pressure phase which was observed above 0.68 GPa. The influence of synthesis

and processing conditions on the crystal structure of Mg(AlHy), is interesting as the
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borohydride counterpart show irreversible phase transitions under pressure and
temperature.

The new phase formed in the high P-T study of the mixture of AIH; and MgH has to
be identified using high quality data such as neutron diffraction.

The XRD patterns of the mixture of Si and LiAlH4 after heating to 500 °C show
formation of a new phase above 11.2 GPa. Hence it will be interesting to study the
structure and thermodynamic stability of this mixture.

A mixture of Si and H,O was studied under high temperature using a moissanite anvil
cell up to 600 °C. The sample at 1.5 GPa was heated with a gas blower. A reaction
between Si and H>O might have occurred as can be concluded from the appearance of
a new peak in the Raman spectroscopy experiment. The unidentified phase should be
further investigated with large amount of sample to get good quality X-ray diffraction
patterns for further analysis.

LiNH,BH; was investigated with high pressure Raman spectroscopy and found phase
transitions approximately at 5, 10 and 15 GPa. Phase identification of LiNH,BH; has
to be carried out with high quality X-ray diffraction or neutron diffraction.

MgH, was destabilized by Si and formed Mg,Si at 0.5 GPa and 600 °C.
Hydrogenation of Mg,Si under high H, pressure and temperature will need to identify
potential of this mixture.

The high pressure structural data of alkali-earth alanates and borohydrides are scarce
owing to their high reactivity and difficulty to synthesize. Alanates and borohydrides
of Sr and Ba have to be investigated under pressure and temperature to draw a general

conclusion from their structural properties.
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Alkali and alkali~ earth metsl hydrides have high hydropen storape capacity, but high
operation temperature hinders their use. The alanates and borohydrides of alkali and
alkali— earth metals are widely studied because of their light weight and high hydrogen
content. Borohydrides are highly stable and decompose only at elevated temperatures
while alanates decompose in two steps. A detailed study of the properties of these hydr des
iz required for further understanding of their stability. A lot of thermodynamic information
can be derived from investigation of materials under pressure or temperature. Structural
measurements on the hydride compounds at ambient and high P~T conditions result in
a better understanding of the stability of the hydride structures and will assist us in the
dedgn of suitable storape materizls with desired thermodynamic properties. The structural
data are potential source of information regarding inter-atomic forces which determine
pressure/temperature induced changes. During the past few years, structural stability of
hydrides is widely investigated under pressure and temperature, both experimentally and
theoretically. In this review we discuss structural phase transition and decomposition
behavior of light metal hydrides, borohydrides and alanates of the elements that belong to
first and second group in the periodic table.

& 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.

1. Introduction

clatherates, conducting polymers, nanotubes/fibers, aero gels
ete.) are effective for solid state hydrogen storage.

The depletion of fossil fuel, increase in pollution and related
environmental hazards require us to discover new energy
sources. H; gas is an efficient fuel with very high energy
density. Storage is a challenging issue that cuts across
production, delivery and commercial applications of
hydrogen as energy carrier. Hydrogen stored in solid materials
isa safe alternative to liquid or compressed form and conve-
nient fuel with zero emission. Metals (eg. LiH, MgH, NaBH.,,
MglalHy)s, LiNH etc) and high surface area sorbents (eg

* Corresponding author. Tel.: +1 305 348 0540, fax: +1 303 348 3070.

E-mail address: lgeor001@fiuedu (L. Georpe).

Hydrides have high hydrogen density and light metal
hydrides are good candidates for transportation. The trans-
port sector reguires not only cheap, safe and reliable way of
storing hydrogen but also high storage capacity, fast kinetics
and favorable thermodynamics. A usable hydrogen storage
candidate, which meets all the mentioned criteria, has yet to
be discovered. A hydrogen storage material should release Ha
at low temperature; it should have high volumetric density,
rapid hydrogenation and dehydrogenation rates, high

0360-3199/% — see front matter & 2010 Professor T. Mejat Veziroglu. Published by Elsevier Ltd. All rights reserved.
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An extended high pressure-temperature phase diagram of NaBH,
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We have studied the structural stability of NaBH, under pressures up to 17 GPa and temperatures
up to 673 K in a diamond anvil cell and formed an extended high P-T phase diagram using
combined synchrotron x-ray diffraction and Raman spectroscopy. Even though few reports on phase
diagram of NaBH, are found in current literature, up to our knowledge this is the first experimental
work using diamond anvil cell in a wide pressure/temperature range. Bulk modulus, its temperature
dependence, and thermal expansion coefficient for the ambient cubic phase of NaBH, are found to
be 18.76(1) GPa, —0.0131 GPa K™!, and 12.5 % 10754232 107% T/ K. respectively. We have also
carried out Raman spectroscopic studies at room temperature up to 30 GPa to reinvestigate the phase
transitions observed for NaBHy. A comparative symmetry analysis also has been carried out for

different phases of NaBH,. © 2009 American Institute of Physics. [DOI: 10.1063/1.3211081]

I INTRODUCTION

The structural investigation on metal borchydrides or
alanates is interesting because of their high gravimetric hy-
drogen content. Sodium borohydride, NaBH,, is a potential
hydrogen storage material and has a theoretical hydrogen
storage capacity of 10.6 wt %. Li ef al. demonstrated
NaBH, slurry as an efficient way of application and gener-
ated hydrogen by the simple reaction NaBH4+2H;0
— NaBO;+4H:. Due to strong covalent and ionic bonding
nature, dissociation temperatures of borohydrides are very
high. The improvement of the hydride properties by catalytic
addition requires better understanding of the phases and its
phase stability. It is found that hydrogen desorption in
NaBH, can be enhanced by addition of Pt or Ru.” Under
ambient conditions the NaBHy has a cubic structure with
space group Fm-3m>* At low temperatures, below 190 K,
NaBH, exists in a tetragonal structure.”® The well investi-
gated high-pressure phases of NaBH, at room temperature
are of tetragonal-P-42,¢ and orthorhombic-pnma structure
which appears above 6.3 and 5.9 GPa, rvasp»aev::ti\r'elyfi The
previous reports suggest that the orthorhombic phase is
stable in the pressure range of 8.9-30 GPa. Lee ef al.’ stud-
ied the ab initio structural stability of cubic and tetragonal
phases of NaBH, up to 30 GPa and 4000 K but an experi-
mental phase diagram is lacking in the current literature in
these ranges. A low temperature phase diagram of NaBHy
was reported by Sundqvist and Andersson® in the P-T plane
of 0-2 GPa and 100-300 K. In the phase diagram reported
by Sundgvist et al,s tetragonal to orthorhombic phase
boundary of NaBH, is marked in the range of 9-11 GPa.

Even though there are many reports on high pressure
phase transitions some of them failed to observe a phase
transition above 10.8 GPa.” The ab imitic calculations by

“author to whom comespondence should be addressed. Electronic mail:
lgeorD0] @ fu.edu. Tel: +1 305 348 0540, FAX: +1 303 348 3070

0029 DE06/2000/1 31 (7VO745058/7/525.00

134, 0745081

Araujo et al” showed a cubic to monoclinic transition at 19
GPa and to orthorhombic at 33 GPa. Through Raman spec-
troscopic studies, the same group observed a phase transition
in the range of ~10.8-14.8 GPa and a completely new
phase was formed above 15 GPa. However the x-ray diffrac-
tion (XRD) experiments reported cubic to tetragonal transi-
tion at 6.3 GPa and to orthorhombic at 8.9 GPa. "™ Be-
cause of these inconsistencies in reported transition pressures
and phases, we have carried out fn sitw high P-T structural
measurements on NaBH, both by XRD and Raman spectros-
copy using diamond anvil cell (DAC) to obtain further un-
derstanding of its stability. Investigation of structural stabil-
ity under elevated pressure and temperature can assist in the
design of suitable storage materials with desired thermody-
namic properties.

The high pressure structural behavior of alkali and alka-
line earth metal borohydrides is widely investigated. The am-
bient phase of LiBHy which has an orthorhombic (FPrima)
structure transforms initially into a tetragonal (Ama2) at 1.2
GPa and then to a cubic (Fm-3m) phase at 10 GPa.!!?
KBH, exhibits structural phase transitions from a cubic
{Fm-3m) to a tetragonal (P-421c) phase at 3.8 GPa and to an
orthorhombic (Parma) phase at 6.8 Gpa* High pressure
phase transitions of alkali-metal borohydrides are found to
be first order and fully reversible. In alkaline earth metal
borohydrides, Ca(BHg)z has an orthorhombic structure
{F2dd) and Mg(BH,); has a complex hexagonal unit cell
with space §§oup PA, and both of them exhibit
polymorphism. 318 Therefore it is interesting to study the
structural behavior of metal borohydrides under various con-
ditions of pressures and temperatures.

Filinchuk et al.'! found that texture has much influence
in the structure refinement of NaBH,. Theoretically predicted
structures of borohydrides (Refs. 17 and 18) are found to be
different from that of the experimentally observed
ones.*" %! More theoretical and experimental investigations

@ 2008 American Institute of Physics
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Structural properties of calcium borohydride, CaiBH,)s, containing ¢ and § polymorphs are investigated
under pressure by in situ synchrotron X-ray diffraction up to 13 GPa and by Raman spectroscopy up to 25
GPa. Results show that the 5§ phase transforms to a highly disordered structure above 10.2 GPa, whereas the
@, phase is stable in the pressure range studied. Rietveld analysis of the X-ray diffraction pattern collected at
ambient conditions shows that the o phase is an orthorhombic F2dd structure with lattice parameters a =
8.82(T) A, b= 13.05 (10) A, c = 7.404(5) A, and V = 851.8(10) A’ (64.13 cm’mol). The # phase was
checked for all the suggested tetragonal structures, and the best match is obtained with space group P4;/m;
the lattice parameters are @ = 6.88(4) A, ¢ = 4.32(5) A, and V = 204.82(18) A® (61.68 cm¥mol). Pressure
volume data obtained for a-CaiBH,), are fited with the third-order Birch—Murnaghan equation of state that
vields a bulk modulus value of Ky = 22.95(4) GPa with K" = 2.63(0.5).

Introduction

Fuel cell technology requires hydrides of high hydrogen
storage densities with moderate hydrogenation kinetics. Complex
hydrides have high gravimetric storage capacities, and among
them, Ca(BH,); and Mg{BH,); are promising materials because
of the possibility of reversible hydrogen storage.' Ca(BHy); has
a theoretical hydrogen storage capacity of 1148 wt %. In a
proposed dehydriding reaction, a hydrogen release of 9.6 wt %
is possible from Ca(BH,), with CaH; and CaB, as decomposi-
tion products.* The thermal decompaosition behavior of CaiBH,)»
was investigated under hydrogen pressure by Kim et al.* and
under vacuum or inert gas flow by Aoki et al.* The results show
that Ca{BH,}; undergoes transformation from an orthorhombic
to a tetragonal structure below 250 °C with a 5.9% hydrogen
release. The structural investigations at different temperatures
and pressures help to identify various polymorphs of the material
that may have better thermodynamic stability. Ca(BH,), exhibits
polymorphism depending on the svnthesis and processing
conditions and also transforms to different phases at various
temperatures,5-* Filinchuk et al.® observed three polymorphs
of Ca(BHy), in the temperature range of 30—600 °C, which are
orthorhombic o (F2d4d), tetragonal o (/424), and tetragonal
(P3) structures. Below 300 °C, @ and ¢ polymorphs completely
transform to the f phase. The second-order transition from o
to " is found to be dependent on heating rate/sample synthesis
and processing conditions. Two more possible structures of the
o phase are C2/c and Fddd suggested by Majzoub et al.® and
Miwa et al.® respectively. Buchter et al.” and Lee et al”
independently indexed a tetragonal phase in P4y/m space group
that seems to be more reliable than P4, according to our results.
An orthorhombic  phase of space group pbea was observed
by Riktor et al..** which transforms to the § phase on heating
to 290 *C and again to an unknown phase d around 330 °C.

* Comesponding author. Phone: +1 305 348 0540, Fax: +1 303 M8
0T, E-mail: 1geor00] @ fu.edu.

10.1021/jp904513) CCC: $40.75

Catalyst addition is also found to influence the formation of
different phases in Ca(BH,); by Ronnebro et al.' Although there
are many studies about the structural stability of Ca(BH,); at
high temperatures, investigation under pressure is lacking in
the current literature.

Structural phase transitions under high pressure or temperature
are very likely in alkali and alkaline-earth metal borohydrides.
The ambient-pressure orthorhombic (Pmma) polymorph of
LiBH;y transforms initially at 1.2 GPa into a tetragonal phase
of Ama?2 space group and then to a cubic (Fm3m) phase at 10
GPa.'!! KBH, exhibits structural phase transitions from a cubic
(Fm3m) to a tetragonal (P32,c) phase at 3.8 GPa and to an
orthorhombic (Prma) phase at 6.8 GPa.!? High-pressure phase
transitions of alkali metal borohydrides are found to be first-
order and fully reversible. Mgi{BH,), has a complex hexagonal
unit cell with space group P6, that undergoes transition to a
simple Py structure around 3.3 GPa.'* Similar to Ca(BH,),
magnesium borohydride also exhibits polymorphism. Therefore,
it is interesting to study the high-pressure behavior of CaiBHy).

Majzoub et al® observed the formation of an ~50% £ phase
after mechanical milling of @-CalBHy),. which was belizved
to be because of the combined effects of pressure and temper-
ature. They calculated the bulk modulus of various polymorphs
of Ca{BH,); using the first-principles method, and it was ~15
GPa. The same group also predicted the transition of @ to §
phase at 5.3 GPa. Even though there is much theoretical and
high-temperature work. a high-pressure experimental study on
Ca(BH,); is not found in the current literature. Factors affecting
the polymorphism of CaiBH,), are not yet known completely.
Structural measurements at high pressure can assist in designing
a suitable storage material with desired thermodynamic proper-
ties. In this report, we present results from in situ X{ray
diffraction and Raman spectroscopic studies on Ca(BH,); at high
pressures to understand the structural stability of its polymorphs
and to verify the results of theoretical calculations.

i 2009 American Chemical Society
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Mg,FeH; was synthesized by ball milling MgH, and Fe (2:1 molar ratio) mixture for 72h
followed by heating at 400 °C under H; pressure. The hydride formation, its structure and
homogeneity were investigated by scanning electron microscopy, X-ray diffraction,
transmission electron microscopy and Raman spectroscopy. High pressure in situ
synchrotron X-ray diffraction and Vienna ab initio simulation were used to determine bulk
modulus of the sample. The bulk modulus of Mg:FeHs was found to be 75.4(4) GPa by
optimized experiment and 76.3 GPa by theoretical simulation. From high temperature in
situ X-ray diffraction study the volumetric thermal expansion coefficient of Mg;FeHs was
found to be e, =5.85(3) x 107° + 7.47(7) = 10~°* (T - T,)/°C. Decomposition of Mg.FeH; was
observed at 425 °C and the decomposition products were Mg, Fe and Ha.

© 2009 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights

Bulk modulus
Thernmal expansion

reserved.

1. Introduction

Magnesium iron hydride (Mg,FeHg) is widely studied because
of its possible application for hydrogen and thermo-chemical
heat storage [1,2]. MgsFeHg has the highest volumetric density
of hydrogen (150 kgHam ™) among all the hydrides investi-
gated so far and has a gravimetric hydrogen density of 5.4 wt%
H,. Moreover, Mg,FeHg is more economical for many appli-
cations compared to other hydrides because of the availability
and the low cost of component metals Mg and Fe. The hydride
has a K,PtClg-type cubic structure with a space group of Fm-
3m, composed of tetrahedral sites of Mg** ions and octahedral
(FeHg*~ complexes. Magnetic and Mossbauer spectroscopy
measurements revealed a diamagnetic nature for the Mg,FeHg
suggesting a low-spin iron(Il) configuration [3].

* Corresponding author. Tel.: +1 305 348 0540; fax: +1 303 348 3070.

E-mail address: lgeor001@fiu.edu (L. George).

Various research groups have carried out investigations on
the synthesis of MgsFeHg [4-12]. Herrich et al., [5] studied the
influence of milling conditions and temperature on the
hydride formation and obtained a 90% yield of Mg.FeHs.
Among the compositions investigated a ratio 2:0.57 of MgH; to
Fe exhibited good results. Desorption behavior of MgsFeHg
was investigated based on synthesis conditions and unreac-
ted Fe content. The observed desorption temperatures were
355 °C [5] and 428°C [6]. The desorption mixture of MgsFeHg
reversibly absorbs hydrogen to form the hydride at 550°C and
60 bar H, pressure. The presence of Fe/MgH; enhances the H,
desorption, however the temperature does not enhance the
synthesis rate. Hout et al., [6] reported better reversibility in
Mg,FeH; synthesized by ball milling of 2MgH, + Fe mixture
than sintering of 2Mg + Fe under hydrogen.

0360-3199/% - see front matter © 2009 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.
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The structural stability of Mg(BHy); a promising hydrogen storage material, under pressure has been
investigated in a diamond anvil cell up to 22 GPa with combined synchrotron X-ray diffraction and Raman
spectroscopy. The analyses show a structural phase transition around 2.5 GPa and again around 14.4 GPa.
An ambient-pressure phase of Mg(BH,); has a hexagonal structure (space group P6, a = 10.047{3) J"L, c=
36.34(1) A, and V = 3176(1) A% at 0.2 GPa), which agrees well with early reports. The structure of high-
pressure phase is found to be different from reported theoretical predictions; it also does not match the high-
temperature phase. The high-pressure polymorph of Mg(BH, ), is found to be stable on decompression. similar
to the case of the high-temperature phase. Raman spectroscopic study shows a similarity in high-pressure
behavior of as-prepared Mg(BH,), and its high-temperature phase.

Introduction

Metal hydrides provide a safe way to store hydrogen with
high density. The transport sector requires not only a light,
cheap, safe, and reliable hydrogen storage method but also high
hydrogen storage capacity, fast kinetics, and favorable thermo-
dynamics. A usable hydrogen storage candidate, which meets
all the mentioned criteria, has yet to be discovered. Light metal
borchydrides are attractive due to their high gravimetric and
volumetric hydrogen densities compared to other complex
hydrides. Among them, magnesium borchydride, Mg(BH,),, is
a promising lightweight solid-state hydrogen storage material
with a theoretical hydrogen capacity of 14.8 wt %.

The thermodynamical properties of Mg(BH,), were examined
by several groups, and it was found that the reaction enthalpy
and entropy should give | bar of equilibrium pressure for
hydrogen at room temperature.'* The low enthalpy of decom-
position suggests a possibility of reversible hydrogen storage
in this compound.™'* However, it seems as if there were high
kinetic barriers involved in the hydrogen desorption, leading to
a high operation temperature (=270 “C), poor kinetics, and
difficulty in rehydrogenating the desorption product. The
possible decomposition steps for Mg(BH,): may be Mg(BH,),
— MgH: + 2B + 3H, — Mg + 2B + 4H, — MgB, + 4H.?
The investigation of Ozolins et al.'® led to the conclusion that
thermodynamically reversible hydrogen storage is possible in
Mg(BH,); but it is kinetically hindered. Moreover, a calcium
analogue of Mg(BH,); has been demonstrated recently to show
reversible hydrogen storage properties® To improve the
hydrogen absorption/desorption properties of Mgi(BH,),, addi-
tives such as Ti are explored.” To verify such a phenomenon in
Mg(BH,),. further research is inevitable by theoretical calcula-
ticns of thermodynamic properties, which in i requires proper
structural data in a wide range of temperatures and pressures
which should be obtained from X-ray diffraction. Moreover,

* To whom correspondence should be addressed. Phone: (3031 348-0540.
Fax: (3037 348-3070. E-mail: lgeordi] @fu.edu.
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destabilization of metal borohydrides was suggested®® to be
achieved by application of high pressure via formation of short
H-++H distances and deformation of tetrahedral BH; anions.

There are many reports on the synthesis and crystal structure
of Mg{BH,),'=*1% 7 Jae-Hyvuk Her et al.!! reported that the
crystal structure of Mg(BH,), is hexagonal (P6,) below 180 °C
and above this temperature it transforms to an orthorhombic
phase (Fddd) which is stable up to the compound decomposition
temperature of 340 °C. The P6, structure of Mg(BH,), with 30
formula units {330 atoms) in a unit cell contains 5 symmetry-
independent Mg™ cations and 10 BHy~ anions. Hydrogen
coordination for Mg™ is 8, and locally the Mg®* network
resembles an amorphous state.” The density of the low-
temperature phase of Mg(BH,); is found to be 0.78 gfem?,
whereas that of the high-temperature phase is 0.76 g/em®. The
structure of the high-temperature phase was found to be coherent
in the be plane but not in the a direction. The bonding in
Mg(BH,); is partially covalent, similar to that of MgH,, but it
has a higher bond strength than MgH,."” The B—H interaction
in BH,~ tetrahedra is ionocovalent, and that between Mg and
H is ionic."* The hydrogen and BH,~ coordination of the Mg**
ion is strongly related to its ionic radivs/ionic character, which
may be a cavse of the complex bonding nature of Mg ions.
First-principal density functional theory (DFT) calculations
failed to predict the ambient-pressure structure of Mg(BH,),
due to its complexity 1218

High-pressure structural studies of a number of metal boro-
hydrides have been reported in the past few years. Calcium
borchydride, Ca(BH,),. has an orthorhombic structure similar
to that of the high-temperature phase of Mg(BH,), but a
comparatively simple unit cell.'* The ambient-pressure orthor-
hombic {( Prma) polymorph of LiBH, transforms at 1.2 GPa into
a tetragonal phase (Ama2), and at about 10 GPa a second
transformation into a cubic { Fm3m) phase takes place.* The
ambient-pressure fec phase of NaBH, at room temperature
transforms into a tetragonal F32,c phase near 6 GPa and then
into an orthorthombic Prma phase above 8 GPa.® Similarly to

i@ 2009 American Chemical Society
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Principal component analysis (PCA) is used to investigate interrelationship among material properties
of hydrides. Property data which consist of ~200 compounds (binary and ternary metal hydrides) were
analyzed. A comparative study was carried out among the metal properties with that of their hydrides.
The observed decrease or increase of entropy, molar volume and specific heat of hydrides from that of
the metals can be attributed to hydrogen bond formation, charge transfer and corresponding change in

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Storage is a challenging issue that cuts across production,
delivery and end-use applications of hydrogen as energy carrier.
Hydrogen stored in hydrides is safe and has a high hydrogen den-
sity, Hydrides are promising materials both as fuel in automobiles
and many others such as in rechargeable batteries, fuel cells, refrig-
erator, heat storage, nuclear industry, sensors, optical switch, and
hydrogen purification. The light element hydrides are good can-
didates for transportation [1]. The transport sector requires not
only cheap, safe and reliable way of storing hydrogen but also high
storage capacity, fast kinetics and favorable thermodynamics. A
practical hydrogen storage candidate, which meets all the men-
tioned criteria, has yet to be discovered. Main problems of hydrides
are weight, volume, cost, safety, efficiency, refueling time, durabil-
ity, etc. [2]. Therefore, it is important to study their properties to
design suitable hydrides for specific applications.

Material informatics is a developing area in material science in
which a new knowledge system is built by collecting and classifying
information with the help of calculations and databases. If experi-
ence and knowledge, captured and preserved in a database format,
it helps to investigate new materials efficiently. The abundance of
parameters causes difficulties in the interpretation of their rela-
tion. Many datum sets can be correlated to define a single material

* Corresponding author. Tel.: +1 305 348 0540; fax: +1 303 348 3070.
E-mail addresses; lgeor001 @fiu.edu, lycigv@gmail.com (L. George).

0925-8388/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
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property with the help of a mathematical technique. The main chal-
lenge in this field is the difficulty in correlating many properties of
different set of materials, Most of the classical analytical methods
for finding characteristics of data set are very laborious and time
consuming,

Lot of experimental and theoretical work has been done on
hydrides in search of a suitable material. A detailed hydride research
database is required for proper retrieval of information already
available. We collected data from available journal publications
and constructed property database (which has to be published
soon somewhere else). Data sets in the hydride database can be
correlated todefine a single material property using available math-
ematical technique such as principal component analysis (PCA)
which is a widely used tool for dimensionality reduction and for
visualization of variable patterns. In this work we have considered
only binary (of the form MHy, where x=1, 2 or 3 and M is a metal)
and ternary (of the form AgByHy, where a, b and x are integers and A,
B are metals) metal hydrides. We have excluded other hydrides due
to the presence of large missing data and associated error on anal-
ysis, This work investigates correlation among material properties
and compares various metal hydride properties with corresponding
metallic properties.

2. Data

We have collected properties which include but not limited to
specific heat (Cp), entropy (S), molar volume (V) and hydrogen
weight percentage (HWt%) of metal hydrides as well as the sum of
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