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Abstract

The present study was focused on to lower the decomposition temperature of LiBH4 and its
composite system 2LiBH4-MgH> by tuning their thermodynamics and kinetics. According to
the issues associated with LiBH4 (hard thermodynamics) and 2LiBHs-MgH> (sluggish
kinetics), the thesis was structured with two objectives.

First objective was to focus on the 2LiBH4-MgH> composite, where the thermodynamics of
LiBHs was modified by the addition of MgH> but this composite system possess serious
kinetic issues. In this work, KH was added as catalyst to the 2LiBH4-MgH> system in order to
enhance the kinetics. A reduction in the temperature was observed for the first hydrogen
desorption reaction, but no effect could be seen in the second dehydrogenation. However, an
interesting phenomenon of eutectic melting was observed during the thermal heating of this
system. By addition of 5 mol% KH, the melting point was shifted to lower temperature,
which was continuously decreased with increase in the amount of KH from 0 to 55 mol%.
For 55 mol% KH i.e. at eutectic composition 0.45(2LiBHs+-MgH>)-0.55KH the lowest
melting temperature was observed as 79°C. Eutectic melting is an interesting phenomenon
and happens if two or more components sustain their liquid state below the melting points of
their pure components. In this work, kinetic enhancement was achieved due to the occurrence
of eutectic melting on adding KH as additive. The enhanced ionic mobility must be the
driving force to desorb hydrogen at lower temperature in comparison of 2LiBH4+-MgH>
composite, thus caused a kinetic enhancement on addition of KH. Reduced melting point for
some complex hydrogen storage systems behaves as eutectic melts and can be utilized for

refueling of vehicles. A pseudo-binary phase diagram between the 2LiBHs-MgH> composite
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and KH was discussed and was explained in terms of degree of freedom.
The second objective of the thesis was to modify the thermodynamics of pure LiBH4 by the
addition of Bi»X3 chalcogenides and study their decomposition properties. This work was
initiated with a curiosity during an electrochemical experiment on BixX3 chalcogenides as
anode materials for all-solid-state Li-ion battery in a recent work by our group. LiBH4 was
used as solid electrolyte in the cell with BixTe; nanostructures as anode material. An
interesting issue of cell opening during the charging — discharging motivated us to investigate
the effect of Bi2X3 (X =S, Se and Te) addition on the decomposition properties of LiBH4. An
efficient destabilization of LiBH4 could be achieved by addition of chalcogenides (Bi2Ss,
BixSes and Bi;Tes), which could tune the thermodynamic properties of LiBH4 decomposition
by alloying with Li. The hydrogen desorption temperature of LiBH4 was reduced to below
150 °C by the addition of bulk Bi»X3. The detailed mechanism was established for the
reaction of LiBHs4 with the Bi;Tes (similar reaction steps were found for other two
composites as well, i.e. LiBH4-50wt%Bi>Ses and LiBH4-50wt%Bi,S3) using several
techniques and was proposed as follows:

38LiBH, + Bi,Tes; — Li,Te + 25LiBH, + 7LiH + 2Bi+ 12B + 22.5H,

— 2Li3Bi+ 17LiBH, + 2LiH + 8B + 15H,

— 13LIH+ 4Li+ 17B + 27.5H,
A further reduction in the decomposition temperature was achieved using nanostructured
Bi,X3, which must be due to kinetic enhancement due to better solid-solid contact between
LiBH4 and Bi2X3 that promotes a faster reaction between the components.

All the work was compiled in Chapter 1 to 6. Chapter 1, describes the introduction of the
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field, need of research and associated challenges. Based on the background discussed in
chapter 1, the objectives are described in chapter 2, which comprises the aim of the thesis and
motivation behind the research work. All the methods and materials adopted for the
preparation as well as characterization of composite materials used in this work are covered
in chapter 3. Chapter 4 is the explanation of our first objective i.e. improving the kinetics of
2LiBH4-MgH:> system by the addition of potassium hydride (KH) as a catalyst. The results on
the destabilization of LiBH4 by the infusion of Bi>X3 (X =S, Se, Te) are presented in chapter
5. At last, chapter 6 summarize the results and suggest overall conclusion of the thesis and

propose the future direction of research.
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Chapter-1

Introduction

1-1 Hydrogen as Energy Carrier

World’s energy consumption has been increasing continuously from past several years.
The highest energy consumption comes from the developing countries e.g. China attained an
annual growth rate of 3.7% in energy consumption since 2012. Not only the developing
countries, but also the developed countries are not far behind to consume energy. As an
example, United States was placed on second position in terms of energy consumption which
reached to a high record 2.3 Gtoe (giga tonne of oil equivalent) in 2018, up 3.5% from 2017
[1]. According to International Energy Outlook 2019, the U.S. Energy Information
Administration (EIA) predicted that world energy expenditure will increase by approx. 50%
between 2018 and 2050, see fig. 1-1 [2]. In the last century the population has raised by a
factor of six, whereas consumption of energy has risen by a factor of 80 [3].

More than 1.0x10'* kWh/year (80%) energy needs are being fulfilled by fossil fuels
like petroleum, coal, and natural gas. Our dependency on fossil fuels and depleting sources of
fossil fuels are the serious problems of concern. In addition, harmful green-house gases such
as carbon dioxide (CO2) and nitrogen oxide (NOx) are increasing in the environment due to
excess use of fossil fuels. To reduce CO; emission from environment we need to develop an
ecofriendly fuel which can be used in zero emission vehicles or thermal power plant.
Renewable energy sources are the best alternative of the conventional fossil fuels which can
reduce our dependency on fossil fuels. Renewable energy sources such as solar, wind,

hydroelectric, ocean energy and hydrogen energy are environment friendly, which can be the



possible solutions of above-mentioned issues. However, the renewable energy sources

fluctuate and depend on the places. Hydrogen is necessary to make a balance between supply

and demand which is well-known as energy carrier in today’s world due to the following

features:

1.

Hydrogen is one of the most abundant elements on the planet; but unfortunately, only less
than 1% is available in molecular form, the immense part is chemically bound in form of
water (H20) and some of it is bound as volatile hydrocarbons.

The hydrogen atom is enticing because it consists of a proton and an electron, i.e. unlike
other elements of periodic table, hydrogen has the maximum ratio of number of valence
electrons to the protons (and neutrons). In case of hydrogen, the energy gain per electron
is 13.6 eV that is too high. The chemical energy per mass of hydrogen (39.4 kWh-kg™!) is
three times greater than that of other chemical fuels, e.g. liquid hydrocarbons (13.1
kWh-kg™!). This means - the energy content of 0.33 kg of hydrogen can be compared with
the energy content of 1 kg of oil [4].

The production of hydrogen is simple by using primary energy sources like solar power,
hydroelectric, wind power and ocean energy without emitting any pollutants like CO; at
the time of fossil fuel combustion or usage.

Hydrogen is the energy carrier not the primary source of energy, it can be converted as
electric energy by using fuel cell. No pollutants are emitted from hydrogen while using in
fuel cell, water is the only product from fuel cell. Hydrogen can be used directly in

internal combustion (IC) engines as well.



1-2 Properties of Hydrogen

1-2-1 Hydrogen Isotopes

Hydrogen, the first element of periodic table, has the atomic number 1 and the electron
configuration 1s'. Fig. 1-2 shows the schematic representation of hydrogen isotopes. Red
color shows proton associated with blue color neutron inside the nucleus and black colored
electron moving around the nucleus. Isotopes of hydrogen are classified as protium (H),
Deuterium (D) and Tritium (T). Protium (H) has an atomic weight of 1.0078 (1 proton and 1
electron). In 1932, Urey came across with the preparation of Deuterium (D) a stable isotope,
with 2.0140 atomic weight (1 proton, 1 neutron and 1 electron). Tritium was discovered after
two years as an unstable isotope with an atomic weight of 3.0161 (1 proton, 2 neutrons and 1

electron) [5].

1-2-2 Hydrogen Molecule

A hydrogen molecule holds two atoms with spinning nuclei of both the atoms. Ortho and Para

are recognized as the two types of hydrogen, classified on the basis of spin of the nuclei.

The molecule having spin of both nuclei in the same direction are termed as ortho hydrogen

molecules whereas, the inverse direction of spin of both nuclei represent the para hydrogen,

see Fig. 1-3. The amount of both type of hydrogen is dependent on temperature:

» At 20 K, hydrogen contains more stable form i.e. predominantly para (singlet) hydrogen
(99.8%).

» The ratio of ortho and para hydrogen is 1:1 at the liquified temperature of air (~80K).

» At 25°C (room temperature), the ratio of ortho to para hydrogen is 3:1.



» Even at elevated temperatures, the ratio of ortho to para hydrogen cannot be exceeded

than 3:1.
1-2-3 Equation of State

An equation which relates the pressure, temperature, and density of a substance is called the
equation of state. The equation of state (EOS), defines the essential thermodynamic
properties of hydrogen i.e., pressure and temperature which are the functional parameters of
the volume V (p, T). The Gibbs energy G (p, T) and entropy S (p, T) can be acquired by

integration [6]:

G, T)=G (p,,T)+ jppov dp weveenn. (1-1)

S (p, T)=S (p,T) - jppo(g)p dp oo (1-2)

By substituting ideal-gas values for G (pg,T) and S (pg,T) for the reference isobar (pg
=0 .1MPa), other thermodynamic quantities can be estimated.
The enthalpy is expressed by:

H@p,T)=G@T)+TS (@, T) ceeeeen.... (1-3)

where, p is the absolute pressure, V the volume, n belongs to the number of gas molecules
and R is the gas constant (8.314Jmol ' K™'). In case of a real gas, however, the gas molecules
hold a certain volume — the “excluded volume” b — and the molecules are bound by Van der
Waals force (dipole interaction), which is expressed by the interaction strength a. Therefore,

for model gases Van der Waals equation is written as:
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a.(n?)
VZ

(p+ ) {V-b(m)} =n- R-T......(1-5)

where, a(H2) = 2.476x1072 m® Pa mol 2 and b(Hz) = 2.661x107> m® mol™
The pressure as a function of the volume for a model gas is formulated as [6],[7]:

n.R.T n2

el 7 T (1-6)

V—1.b v

p(V)=

All the thermodynamic quantities can be obtained once the EOS is known [7].
There are several aspects which are needed to address in order to establish hydrogen economy.
Efficient hydrogen storage is one of these issues. The next section describes the various

storage methods of hydrogen.

1-3 Hydrogen Storage

Hydrogen storage is an important issue to consider while accounting the hydrogen as fuel.
The energy density of hydrogen [120 (LHV)-142 (HHV) MJ/kg] is almost 3 times of the
conventional fuels (natural gas: 43 MJ/kg and gasoline 44.4 MJ/kg). Less volumetric density
of hydrogen is the main issue of storage. The volumetric energy density of liquid hydrogen
(8.4 MJ/L) is less than half that of the other conventional fuels (natural gas 17.8 MJ/L,
gasoline 31.1 MJ/L) [8]. The target of hydrogen storage is to scale down the huge volume of
hydrogen gas 1.e. to pack hydrogen as closely as possible. For this purpose, the volumetric
density should be highest by using smallest amount of storing material. Fig. 1-4 shows the
phase diagram of the hydrogen molecule H,. At lower temperatures (at 11K), hydrogen is a
solid with a density of 70.6 kg:m >, and at higher temperatures (at 273K) it is a gas with a
density of 0.089886 kg-m ™ at atmospheric pressure. Hydrogen is in liquid form in a small

zone between the triple and critical points with a density of 70.8 kg-m > at 20K. To get high
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density of hydrogen, several works have been accomplished to compress the gas and reduce
the temperature under the critical point. Following factors should be kept in mind when
planning to compact hydrogen: ease of technology, choice of material, refueling time,
handling, cost, safety aspects, high gravimetric and volumetric density at ambient
temperature and atmospheric pressure [9],[10],[11]. DOE targets for hydrogen storage
materials for onboard vehicles has been proposed time to time [12]. There is plenty of hope
because of the space shuttle program where hydrogen was used successfully by NASA [8].
Continuous efforts have been carried out by several government agencies, non-profitable
organizations and academicians. Several methods have been investigated by researchers and

scientists across the world to store hydrogen for onboard use [9],[10],[11],[13].

1-3-1 Storing hydrogen as a gas

Storing hydrogen in molecular form is possible, only in gas or liquid form. Storing hydrogen
under pressure is an oldest technique and has been used for many years. At present, gaseous
pressure vessels are the most common way to store hydrogen. Pressure vessels are used for
onboard hydrogen storage, commercially in FCV’s as Toyota Mirai and the Honda Clarity.
There are several reasons related to properties of materials and the operating costs, due to
which hydrogen gas are not stored in bulk at pressures more than 15-20 MPa. Due to the
limitations of storage pressure, the available density of hydrogen is also limited i.e. 7.8 kg/m’
at 10 MPa and 20°C. Small density of hydrogen means an enormous storage specific volume
and thus, a massive speculated cost. The first fuel cell vehicle utilized on board storage vessel
with 70 MPa pressure, but the overall cost was high due to the maintenance of high pressure

and the use of high-quality materials, like carbon fiber. Consequently, the use of these high
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pressure vessels are not contemplated feasible for large stationary usage [14],[15]. Apart from
the large salt cavity storages underground, the search of some other alternative storage
become necessity due to unavailability of geological sights everywhere across the world. One
such alternative is to store hydrogen in a metal container. Corrosion is another main issue
when storage system is underground thus special coating is needed against corrosion which is

itself a task with high cost [14],[16].

1-3-2 Liquid hydrogen

There is conventional hydrogen liquefaction process which follows the three steps:
compression, cooling and expansion. Hydrogen has extremely low boiling point (—253°C at
0.1 MPa) and hydrogen in gaseous form doesn’t cool down throughout the throttling
operation (i.e., adiabatic, isenthalpic expansion) for temperatures more than around —73°C.
We need liquid nitrogen evaporation for precooling in the process of liquefaction. The first
liquefaction of hydrogen was reported by Sir James Dewar in 1898 [17]. High cost of
liquefaction is an important factor to be noted. Liquid hydrogen storage offers almost double
capacity if we compare with the gaseous hydrogen storage, but the volumetric capacity is less
for onboard vehicles according to the target of DOE. At present, the largest liquefaction plant
capacity in US is about 70,000 kg/day and the smallest liquefaction plant has a capacity of

about 6,000 kg/day [18].

1-3-3 Hydrogen Storage in Solid-State Materials

Apart from gas and liquid storage techniques here is an interesting technique to store

hydrogen that is to store in solid state materials (intermetallic and complex hydrides). There



is no chance of over pressure which is dangerous in case of compressed hydrogen storage, no
need of extensive energy that is required for liquid hydrogen and moreover, this technology is
associated with large volumetric capacities. This is the safest technique because of relatively
low operating pressures [19]. Scientists in this field, focused towards this third potential
solution for hydrogen storage. Several metals have capabilities due to their specific properties
that can help to absorb hydrogen in their metal lattice. Hydrogen storage materials can be
classified according to physisorption and chemisorption properties. If hydrogen is stored as
physically (by weak van der waals forces) bounded hydrogen on to a metal surface, it is
known as physiosorbed. On the other hand, if hydrogen is bound chemically on the metal
surface (e.g. metal hydride and complex hydride), it is known as chemisorbed hydrogen and
can be released by heating at certain temperature. The next section describes the details about
interaction of hydrogen with solid-state materials as well as their thermodynamic and kinetic

aspects.

1-4 Interaction of Hydrogen with Solids

Molecular or atomic hydrogen interacts with the surface layer of the host metal and make a
solid solution and metal hydrides by the process of adsorption/absorption. A metal-hydrogen

reaction can be written as eq 1-7:

Hydrogen interaction with the metal surface can be understood by the potential energy
diagram as shown in Fig. 1-5. Far from the metal surface the molecular hydrogen and atomic

hydrogen are set apart by the heat of dissociation Ep = 218 kJmol ! H (4.746eV). The



potential energy curve for hydrogen approaching a solid surface typically shows two energy
minima with different depths; one at greater distance from the metal adsorbent (Epuys = -5
kJ/mol H) corresponds to physical adsorption (shown as dotted line) and the other at smaller
distances (Ecuem = -50 kJ/mol H) corresponds to chemisorption (shown as solid line). The
first minima appear due to two different interactions when molecular hydrogen (gas)
approaching to metal surface. The first interaction is attractive interaction i.e. weak Van der
Waals force, while the other is repulsive terms, resulting into a shallow minimum at a
distance of approx. 1 molecular distance of hydrogen. In physisorption the gas is adsorbed to
the metal surface in its molecular state and not in atomic form. As we already discussed the
attraction is due to weak forces in physisorption thus it normally occurs at low temperatures.
Since there is no existence of activation energy barrier in physisorption, the process doesn't
have the kinetic issues. When hydrogen reach closer to the surface, the adsorbed hydrogen
molecule dissociates in atomic state at the metal surface by transferring an electron between
the metal and hydrogen and becomes chemisorbed. In this process, hydrogen molecule needs
to cross an activation barrier for dissociation which depends on the material properties. If
there are no activation energy barriers between the hydrogen molecule and material surface,
the molecule proceeds towards the surface without any trouble and dissociates into metal
atoms straight forward. On the other hand, if the activation energy is high, the reactants need
to be activated, either by heating or by adding some additives which can work as catalyst for
the reaction. For the dissociation of H-H bond, the total energy needed is, the energy required
to form metal hydride i.e. AHw-n and activation energy i.e. Ea. Usually, at high temperature if

the barrier is higher and the potential well is smaller then, less stable hydride will be



formulated. On the other hand, in case of small activation barrier and deep potential well, a

stable hydride will form with fast kinetics [20],[21],[22].

1-4-1 Thermodynamics of Hydrogen Absorption/Desorption

The thermodynamic features can be explained by Pressure—Composition isotherms (PCI) at
different temperatures, see fig. 1-6. Absorption process of hydrogen into the material begins
with the formation of solid solution (a phase) and when the utmost solid solution is gained, a
hydride phase (p phase) starts to form. At certain condition, the a phase and  phase exists
together and the isotherm shows a flat plateau. The length of plateau determines the quantity
of hydrogen stored in the metal. In B phase region, the hydrogen pressure increases sharply
with the hydrogen concentration. The two-phase region vanishes at the critical temperature
beyond which a phase changes to B phase continuously. Metal hydride formation can be

explained according to Gibbs phase rule:

Where, f = degree of freedom, ¢ = number of components (metal and hydrogen), p = number
of phases (a, B and hydrogen gas)

At plateau there is just one degree of freedom exists. Therefore, a rise in hydrogen
concentration takes place with the depletion of a-phase at a constant pressure. When a-phase
is completely diminished, an additional degree of freedom is gained, and the hydrogen
concentration increases (-phase) with the rising pressure of hydrogen. More stable hydrides
(AHr <0) need elevated temperatures than that of less stable hydrides (AHf<0) to attain a
definite plateau pressure [21]. Gibbs free energy AG works as propulsion for the metal

hydride formation at a certain temperature and pressure. The negative Gibbs free energy -AG
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suggest the thermodynamic feasibility of a reaction even if the sluggish kinetics due to high
activation barrier hinders the reaction to occur. Since AH is negative for hydriding reaction
(AH® < 0), at low temperature, the large value of AH keeps AG negative during hydrogen
absorption. However, at elevated temperatures, - TAS become larger than AH , resulting AG
to be positive. This makes dehydrogenation process thermodynamically favorable. This
explains why the hydrides in general need to be heated above 200°C for dehydrogenation
reaction [23].

For the simple reaction, M + H, — MH,

AG is then approximated by:

AG=AG°+RT [y ... . (1-9)

where, A G°is the molar free energy at the reference state, P is the hydrogen pressure, Po
is atmospheric pressure, R is gas constant and T is temperature
AG° =AH®° — TAS®................... (1-10)
Since AG is zero at equilibrium, combining above two equations gives the relation between

the equilibrium pressure (P) and temperature (T), which is known as Van’t Hoff equation:

L AH® As*®
In (E) = — ot (1-11)

where, AH® and AS° are the changes in enthalpy and entropy, respectively. In the
hydrogenation process, the entropy change originate from the conversion of gaseous

hydrogen to solid hydrogen and its value is roughly equal to the standard entropy of hydrogen
(AS° =130 ] K~ 'mol™') and hence entropy of formation (AS;~ 130] K *mol™!) for all

metal-hydrogen system. AS; for metal hydrides accompany to an important heat evolution
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AQ =T.AS°, (exothermic reaction) during the hydrogen absorption and vice versa in
desorption (endothermic reaction) of metal hydride. Hydrogen desorption below the room
temperature can get heat from environment itself. Whereas, if the desorption occurs beyond
the room temperature, the heat needs to provide from an outer source which may be the
burning of the hydrogen, at necessary temperature.

Enthalpy can specify the stability of metal hydride bond. The hydride enthalpy can be

calculated by the slope of the straight line gained by plotting In(Py,) versus 1/T. The
decomposition temperature for P = p; = 0.1 MPa (usually), Tgec = % for P = py. To

reach an equilibrium pressure of 0.1 MPa at 300 K, AH should amount to 39.2 kJmol 1H,.
The stability of metal hydrides is usually presented in the form of van’t Hoff plots. The
enthalpy of formation for the most stable hydrides are AH, = —226 kJmol “1H, ie. HoHa.
For the least stable hydride like FeHys, NiHys , MoH,s the enthalpy of formations are
AH; = +20kJ mol™'H, | AH; = +20 kjmol™*H,  and AHy = +92kjmol'H,

respectively [22],[24].
1-4-2 Kinetics of hydrogen absorption and desorption

The rate of reaction cannot be obtained without the understanding of the hydrogen absorption
and desorption kinetics. The thermodynamic properties acquired from PCT measurements
can only give explanation about the driving force for the transformations, but it cannot
provide information on the speed of reaction. Activation barrier needs to overcome when it
comes to kinetic improvements. Fig. 1-7 shows a diagram of the energy barrier for the

hydrogenation/dehydrogenation reaction.
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The activation energy of reaction is estimated by the Arrhenius equation and the Kissinger

equation:

K(T) = Aexp—2 (Arrhenius) [25].............. (1-12)
B _, AR _ EBa issi -
r‘nﬁ == (Kissinger) [25]............ (1-13)

where, Ea is activation energy, K(T) is rate constant, R and T are gas constant and
temperature respectively, f is heating rate, Tp is peak temperature

Due to the existence of energy barrier for absorption (Ea), sometime the
reaction can’t proceed at low pressure and/or temperature even though the thermodynamics is
favorable. This activation barrier is needed to overcome in order to enhance the kinetics of
the reaction. The high activation energy for desorption (Ep) itself is huge for the process,
which shows the elevated temperature requirement for the desorption of hydrides [23],[25].
As we already discussed about physisorption and chemisorption, let us discuss the steps
involved in the process of metal hydride formation.
1. Physisorption of molecular hydrogen on metal surface
2. Dissociation of molecular hydrogen into atomic hydrogen and chemisorption on metal

surface

3. Diffusion of hydrogen in the bulk metal
4. Solid solution (a phase) formation
5. Hydride formation (B phase formation)
As shown in fig. 1-5 Ea is the activation barrier in the chemisorption on the metal surface.

Activation barrier slowdowns the process of dissociative adsorption and desorption. In
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dissociation step, the hydrogen atom is highly mobile and is interactive with metal surface.
Further, chemisorbed atoms can penetrate in the sub-surface of metal and then diffuses into
the interstitial sites of the metal lattice. The kinetics in the bulk is strongly influenced by
mobility of atomic hydrogen. Fukai Y., [7] explains about the trapping phenomenon,
according to him hydrogen atom can be trapped at interstitial sites of some impurities and it
can jump to the neighbor sites by obtaining a heat energy from the phonon in the metal by
diffusion [7]. Thus, the mechanism of diffusion is dependent on temperature. Diffusivity (D)

can be explained by:

D :Doexp(—%) ............... (1-14)

Where, D, is a pre exponential factor which depends on the properties of metals and E; is
the activation energy of diffusion in the bulk material.

Fig. 1-8 shows some selective bce metals and their hydrogen diffusion coefficients [7]. This
fig. consists of experimental data which represents by the straight lines belong to Arrhenius
plots in a fixed range of temperature. The Arrhenius plot always forming straight lines (Fig.
1-8) is an indication that the diffusion process is dominated by a single energy barrier,
regardless of whether H atoms occupy between two different sites.

In the metal hydride formation process, the absorption reaction kinetics is mainly governed
by the diffusion, nucleation and growth or movement of interface between the hydride and

the metal.
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1-5 How to tune thermodynamics and Kinetics of hydrogen absorption /desorption

1-5-1 Thermodynamic Alteration

There are a lot of hydrides which have good thermodynamics which is helpful in taking and
releasing the hydrogen at ambient conditions. But search is still continuing to have a
combination of good kinetics and suitable thermodynamics of hydrides which can have better
gravimetric capacity and can compete with 70 MPa compressed vessel in terms of weight.
Several hydrides, borohydrides and complex hydrides such as LiH, MgH; and LiBH4 have
high gravimetric density but cannot desorb hydrogen at appropriate temperature or pressure
due to thermodynamic constraints. To overcome this thermodynamic issue, usually a third
element/additive or reactive hydride composites can be introduced. By the addition of these
additives one can alter the enthalpy of reaction and hence improve the thermodynamics. To
understand this more precisely, we can take an example of metal hydride system which
desorb hydrogen to achieve its dehydrogenated state M with enthalpy X, see fig. 1-11. One
can achieve more stable state i.e. MA, than pure metal M by alloying with element A having
a formation energy Y, which in turn reduce the enthalpy equals to X-Y for a transition
between MA, + H» (dehydrogenated state) and MH> + nA (hydrogenated state). Thus, metal
hydride system MH could be destabilized efficiently [26]. LiBH4 has high gravimetric
capacity 18.5 wt% but it releases H» at a temperature around 450°C. The addition of dual
cation borohydrides MLim-n(BH4)m (M = Zn, Al, Zr) and MClx in LiBH4 by ball milling was
introduced by Li et al. [27]. They found that these double-cation borohydrides were easy to
decompose, and the method was effective to adjust the thermodynamic stabilities of metal

borohydrides. Some researchers found that combining the borohydride with metal hydride
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(MgHz) or complex hydrides (MgxNiH4) was also effective technique to improve the
dehydrogenation properties of metal borohydrides like LiBH4 [28]. There is always an

aspiration to search an efficient hydrogen storage material having superior thermodynamics.

1-5-2 Kinetic Alteration

Various routes have been proposed for decreasing the activation barrier and increasing the
kinetics of hydrogen absorption/desorption, e.g. nano scaling and use of -catalyst.
Nano-scaling is an efficient way to lower the activation barrier through the creation of fresh
and large surface, decreased diffusion distance for H atoms, however, agglomeration and
difficult preparation of nano-sized material create bottleneck to adopt this method for
practical/industrial use. On looking for the alternative approach, the use of catalysts plays a
vital role to overcome the activation energy barrier in metal-hydrogen reaction. Catalyst can
enhance the rate of reaction without changing the thermodynamics of Metal hydride system.
Amount of catalyst is important in sample, i.e. to maintain the overall gravimetric capacity of
the active sample, minimum amount of catalyst is possibly good. Highly dispersive catalyst
has the high efficiency to boost up the reaction. Some researchers reported that alloying is
one of the methods to alter the kinetics of reaction but in actual alloying change the

thermodynamics, not the kinetics.

KH as excellent catalyst for metal hydrogen system

A breakthrough discovery of potassium hydride as catalyst was achieved by Wang et al., to
stimulate Mg(NH>)2/2LiH system. They proposed that potassium diffused into the imide or

amide phases and then combined with nitrogen. Due to which the N-H bonds were
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diminished, that directly affected the dehydrogenation of the system and enhanced it. The
hydrogen desorption peak was shifted for Mg(NH2)2/LiH system, to the lower temperature
132°C by the addition of KH from 186°C (without KH), as shown in fig. 1-9 [29]. This
discovery attracted the researchers towards this magical catalyst. Many researchers worked
on the mechanism of Li-Mg—N-H reaction with KH. In 2011, Teng et al. [30] proposed a
new mechanism that the dehydrogenation improvement was occurred because of the reaction
of KH with NH3; which produced KNH> and then KNH; again reacted with LiH to regenerate
KH. This process continued in loop and hence enhanced the decomposition of Mg(NH2)2/LiH
system through the pseudo-catalytic effect of potassium hydride. The hydrogen desorption
kinetics of LiH-NH3 system was drastically improved by the inclusion of a little amount of
KH and heating up to 100°C [30]. Later in 2012, Durojaiye et al. compared the two systems
LiNH; + MgH; and 2LiNH; + MgH» and found that the (2LiNH> + MgH>) system had a
lesser decomposition temperature and a rapid kinetics. They concluded that KH was efficient
as catalyst to increase the hydrogen desorption rates of (2LiNH> + MgH>) system but it
doesn’t have any influence on the (LiNH, + MgHb») system. The activation energy was
decreased to 87 kJ/mol Ha (for 1.9LiNH; + MgH»+0.1KH) from 119 kJ/mol H» for 2LiNH> +
MgH, system [31]. Recently, LiNH>—LiH system was investigated for the effect of KH as
catalyst and the hydrogen release temperature was reduced by approx. 30°C. The activation
energy of the 5 mol% KH-added sample i.e. LiINH>-LiH-0.05KH sample was found 90.4 kJ
mol !, lowered by ~13% than undoped LiNH»—LiH (103.1 kJ mol™!) system. Dong et al.
claimed reactivity of KH with NH3 as a root cause for the enhancement of the desorption

kinetics. Also, KH acted as a catalyst to accelerate the liberation of hydrogen by cyclic
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reactions [32]. Hence, we could understand the role of catalyst to improve the kinetics in
hydrogen storage systems. Apart from nano-sizing, use of appropriate catalyst like potassium
hydride (KH) can tune several systems kinetically. Many other systems need to be modified
and, in this context, the effect of KH as a magical catalyst can be explored to reduce the

activation barrier and advancement of research in hydrogen storage field.

1-6 Solid state hydrogen storage materials

The US Department of Energy (DOE) set the targets as long-term vision for hydrogen-storage
applications accounting handling and storage cost as well as environmental parameters [33].
These targets for hydrogen storage systems are given in Table 1-1.

Table 1-1: The US DOE hydrogen storage targets for automobile applications [33],[34]

Year 2006 2015 2020

Gravimetric capacity | 2kWhkg 'system 3kWhkg !system 1.5kWhkg 'system

(6wt% hydrogen) (9wt% hydrogen) (4.5wt% hydrogen)

Volumetric capacity | 0.045kgH,L"! 0.081kgH,L™! 0.030kgH>L! system
system system
Cost US$4/kWh US$2/kWh US$10/kWh

These data clearly indicate the importance of both gravimetric and volumetric capacity of the
storing media, as the storing media of hydrogen should not be large and bulky or shouldn’t
occupy too much volume. Cycling property is as well significant so that the storage can be
frequently cycled. Charging time is also important to consider and must not be longer than
3—5 minutes.

The hydrogen storage materials can be classified on the basis of binding nature of hydrogen:
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physically bound hydrogen, chemically bound hydrogen (e.g. metal hydrides and complex
hydrides). In the first type of storage materials, hydrogen is attached to the surface through
weak van der waals interactions. Porous materials that lies in this category, are activated
carbon, carbon materials having high surface area, zeolites and metal-organic frameworks
(MOQFs) [33]. Even though hydrogen physisorption process is weak exothermic, thus a heat
management problem at the time of refueling occurs, that requires liquid nitrogen
additionally to maintain the temperature at 77K. These reasons make porous materials
unattractive for automobile on-board storage, but room temperature and high-pressure
systems are still considered. However, they attracted the attention because of their reduced
cost in comparison of liquid hydrogen for tanks and availability of compatible sizes.

Metal hydrides have larger storage density (6.5 H atoms/cm’® for MgH>) in
comparison to the hydrogen gas (0.99H atoms/cm?®) or liquid hydrogen (4.2H atoms/cm?),also
attractive while considering the safety points [35]. Thus, solid state hydride is considered as
safe with high energy density for onboard vehicular applications. An efficient storage
material needs the following properties:

» High energy density i.e. high hydrogen content per unit mass and volume

» Reduced temperature and pressure for dissociation

» Decreased heat of formation to reduce the required energy for dehydrogenation
» Good reversibility

» Less activation barrier i.e. good kinetics

» Reduced cost and good safety features

Enormous efforts were put for optimizing the conditions and to improve the various
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materials used for hydrogen storage. MgH», FeTi, LaNis and MmNis are some commonly
studied metal hydrides/materials. These storage materials are classified in 2 categories based

on their simplicity and bonding nature, which will be explained in the subsequent section.

1-6-1 Metal hydrides

Metal hydrides consist of metal and hydrogen by forming a single type bonding (covalent,
ionic or metallic) between them. These materials showed great potentials in the field of
hydrogen storage. Metal hydrides have wide variety of class and can be classified as
intermetallic compounds (ABs, AB, AB2, A2B and ABs-type alloys), where A is the element
with good hydrogen affinity, while B is the metal with no or low affinity with hydrogen just
to tune the hydrogenation properties of base metal. MgH> has been considered as an efficient
metal hydride which contains a high H» storage capacity i.e. 7.7wt% with adequate
reversibility and an additional benefit of small cost of magnesium. However, it needs high
decomposition temperature of 300°C at 0.1 MPa pressure with the disadvantage of slow
absorption and desorption kinetics. Most of the magnesium-based materials have an excellent
cyclic stability, but the problem of high temperature and poor kinetics still remains to restrict
its use for on-board vehicles [35],[36]. LaNis is another popular material which has been
studied widely across the world. In comparison of MgH>, the intermetallic compound shows
better storage characteristics, but the problem is associated with the gravimetric amount of
stored hydrogen which is very low. At moderate temperature the hydrogen storage capacity of

LaNis doesn’t exceed than 1.4wt% [37],[38].

1-6-2 Complex hydride
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Due to the low hydrogen content of conventional metal hydrides, several hydrides termed as
complex hydrides were developed by using light elements. Some typical example of these
complex hydrides include alanates (sodium, potassium, lithium and calcium alanates),
borohydrides (lithium, zinc, sodium and calcium borohydrides), amides (lithium amide),
metal ammine complexes, chemical hydrides and Mg-based alloys [39]. Complex hydrides
are salt like materials in which hydrogen is covalently bound to the central atoms and this
unit is attached with the cation through ionic bonding. Generally, the complex hydrides can
be represented as AxMeyH,, where A is preferentially occupied by elements of the 1% and 2"
groups of the periodic table and Me is commonly employed by boron, aluminum or nitrogen.
An extreme interest has been grown in light weight complex hydrides such as alanates
[AIH4], amides [NH2]", imides and borohydrides [BH4]". The term alanates also known as
aluminohydrides belongs to the compounds having hydrogen and aluminum associated with
metal. Solium aluminium hydride (NaAlHs) has been considered the most popular candidate
of the alanates family along with some more like LiAlH4, Mg(AlH4),, KAIH4, NaxLiAlHe,
Ca(AlH4)2, KoNaAlHg. Imides and amides are also considered potential complex hydride due
to their excessive storage density and lesser operating temperature, but these are legging due
to their sluggish kinetics which limit them to be used practically onboard. Borohydrides
(tetrahydroborate), are the noteworthy types of complex hydrides which are formed through
covalently bonded hydrogen to the central atoms in the [BH4] complex anion. They are
recognized because of their higher gravimetric and volumetric hydrogen -capacity.
Borohydrides comprises of general formula M(BH4), (M = Mn, Zn, Al, Be, Y, Dy, Gd, Zr, Rb,

Cs;n=1, 2, 3, 4; B is boron and H belongs to hydrogen) and some of popular are NaBHa4,
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LiBH4, Mg(BHa4)2, Ca(BHa4)2, Zn(BH4)2 [36]. Since the purpose of this thesis is related to

thermodynamic and kinetic tuning of LiBH4, the next section describes this system in detail.

1-7 LiBH4 as promising material for hydrogen storage

LiBH4 has been studied as a hydrogen storage medium due to its high gravimetric (18.5 wt%)
and volumetric (121 kgH»/m®) capacities. However, the hydrogen accommodated in the
lithium borohydride is not completely available for the reason that its decomposition
provided the evolution of LiH and unbound boron, and approx. 13.8wt% hydrogen is
liberated from 380°C to 680°C temperature, under atmospheric pressure. Due to the adverse
thermodynamics and slow kinetics, lithium borohydride can release hydrogen only above its
melting peak (~280°C). Several routes have been discussed to boost up the kinetics and
thermodynamic properties of dehydrogenation of LiBH4. According to safety point of views,
complex hydrides are difficult to handle even though they have high energy density. Also,
because of the high stability of elements composed by the decomposition of complex hydride,
there is problem of refueling on board vehicles with hydrogen. Nonetheless, such kind of
issues can be settled up by the improvement in thermodynamics by the addition of a new
element (cation/anion substitution, additives) into the storage material.

The same holds true for LiBH4 also. In a recent study an innovative technology
high-energy ball milling with in-situ aerosol spraying (named BMAS) was found a good way
to improve the MgH> added LiBH4 not only kinetically but thermodynamically as well [40].
Puszkiel et al. reviewed various methods to enhance the destabilization properties of LiBH4
like insertion of metal i.e. Mg, Ni, Al, Ca etc and metal hydride i.e. MgH>, NaH, CaH, and

nanoconfinement [41]. Stabilizing the dehydrogenated state could reduce the enthalpy of
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dehydrogenation and hence could increase the equilibrium hydrogen pressure. This approach
could be used to boost the thermodynamic properties of many hydrogen storage materials.
There is still a craving to improve the destabilization properties of LiBH4 in such a way that it
can be used practically onboard vehicles. Nanoconfinement or the addition of catalysts can
also be used for thermodynamic destabilization [42],[39]. An effective approach was
proposed by Reilly and Wiswall [43] in 1967, that the stability of a borohydride could be
lowered by combining it with a suitable reaction metal (such as aluminum, magnesium or
titanium). The main disadvantage of this approach was the reduced gravimetric hydrogen
storage capacity due to the additional weight of the metal. Instead of the metal doping the use
of an appropriate hydride could maintain a high hydrogen storage capacity with the formation
of fully reversible systems under moderate temperature and hydrogen pressure conditions.
Such systems are called Reactive Hydride Composites (RHC). Reactive Hydride Composite
systems are not only based on borohydrides in fact, one of the first reported RHC was the
LiNH>-LiH system [44],[45]. In case of borohydrides, the RHC approach attracted a lot of
attention, after the encouraging experimental results about the LiBH4+MgH> system
published by Barkhordarian et al. [46] and Vajo et al. [47]. The enthalpy of the destabilization
reaction with a capacity of approx. 8-10 wt % was reduced by 25 kJ/mol H; in comparison of
pure LiBH4. This system was reported to desorb hydrogen at 225°C at equilibrium pressure of
1 bar, thus showed nice destabilization of LiBH4 using MgH>, however the sorption kinetics

still remained an issue [48]. This interesting system is described in the subsequent section.

1-8 2LiBH4 - MgH: System

According to Puszkiel et al. [41], the reaction for the destabilization of the LiBH4 system by
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the inclusion of MgHz is as follows:
MgHa(s) + 2LiBHa(s) S MgBa(s) + 2LiH(s) + 4Ha(g)...... (1-15)

The theoretical reaction enthalpy was decreased to 46 kJ mol™' Hy than that of individual for
MgH> and LiBH4 76 kJ mol™! H, and 67 kJ mol™' H, respectively [48]. Destabilizing both
hydrides (MgH> and LiBH4) by the RHC concept was predicted to reduce the desorption
temperature till 40°C under 0.1MPa of H> due to the low enthalpy value. The reaction is
exothermic and MgB> is the formation product according to the reaction (1-15).
MgH»:2LiBH4 -RHC system has the theoretical gravimetric capacity of 11.4 wt%. Fig. 1-10
indicates the free energy and the standard enthalpy of reaction per mol of H> emerging from
the united destabilization of LiBH4 and MgH> [41]. In 2005, Vajo et al. [48] first published a
work about the destabilization of MgH»:2LiBH4-RHC system, and Barkohrdarian et al. [46]
also initiated the concept of RHC in 2006-07. The MgH»:2LiBH4-RHC system was found
different from the metal-hydrogen systems in terms of entropy values, this phenomenon was
found to be related with the [BH4] ™ cluster configuration upon hydrogen interaction. In order
to understand MgH»:2LiBH4+-RHC system, investigations into reaction route considering
factors like temperatures, pressures, and stoichiometric compositions were executed by many
researchers. The findings were fascinated on the hydrogen release steps (pathways). In 2007,
Bosenberg et al. [49] firstly discussed the hydrogenation/dehydrogenation reaction steps of
MgH>:2LiBH4-RHC system. On hydrogenation of MgB: + 2LiH system, lithium borohydride
and magnesium borohydride were promptly formed in one reaction step at quite moderate
conditions, 250-300°C temperature and 5 MPa of hydrogen pressure. A two steps process has

been noticed during this process: first, the dehydrogenation of MgH, and after that the
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decomposition of LiBH4. This system was decomposed into the MgB; and lithium hydride
with the liberation of hydrogen gas. This two-stage reaction pathway revealed kinetic
limitations, resulting the elevated dehydrogenation temperatures more than 400°C and below
0.3-0.5 MPa of hydrogen pressure. The thermodynamic and kinetic studies to check the
reversibility of the MgH»:2LiBH4-RHC system by the addition of TiCls was reported by
Pinkerton et al [50]. In their work, a phase diagram was established for the desorption process
from vacuum to 0.5 MPa pressure and from 250°C to 500°C temperature.
Thermodynamically and kinetically LiBH4 prefer to decompose into LiH and amorphous
boron whereas MgH> decompose to Mg and H», at pressure less than 3 bar and temperature
more than 400°C. Under the certain conditions i.e. from 280°Cto 450°C and pressures
between 0.3 and 0.5 MPa MgH; and LiBH4 were decomposed separately, however, the
generation of MgB> and LiH was encouraged as ultimate outcomes. The findings were on the
track and matched with the outcomes reported by Bosenberg et al [49]. Nakagawa et al. also
reported their investigations on the consequence of the hydrogen backpressure on the
hydrogen release of MgH»:2LiBH4-RHC [51]. They confirmed the presence of free boron and
metallic Mg upon dehydrogenation under an inert gas atmosphere. MgH>:2LiBH4-RHC
system represented sluggish kinetic behavior, needed long time for the hydrogen uptake and
release. To understand the reaction mechanism of MgH»:2LiBH4+-RHC system, several
additives were enrolled by many researchers to speed up its kinetics. Despite of the fact the
hydrogen storage properties of MgH>:2LiBH4-RHC system were noticeably revamped, the

need of temperature more than 350°C is still a vital hinderance for a feasible use [41].
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1-9 LiBH4 as solid electrolyte and its use for Bi2X3 anode materials in all-solid-state
Li-ion battery

Apart from the hydrogen storage field, LiBH4 has also attracted attention because of its high
ionic conductivity [52]. It was proposed to be used as solid-state electrolyte in battery
applications for the first time by Takahashi et al.[53]. The cell was made of anode material Li,
electrolyte LiBH4 and cathode as LiCoO,. Even if LiBH4 showed excellent compatibility
with Li-electrodes, a resistance was found at the interface because of the reaction between
LiBH4 and LiCoO:. To overcome this issue, a layer linking electrolyte and cathode material
was developed which reduced the resistance and allowed the discharge capacity of 89 mAh
g ! at a constant current density of 0.05 mA cm 2. They concluded that a complex
borohydride LiBH4 may be used as an excellent electrolyte with oxide-based electrodes [53].
After this, many other researchers used LiBH4 as solid electrolyte because it has high
conductivity at elevated temperatures i.e. more than 120°C. [54],[55],[56]. Recently our
group demonstrated that LiBH4 can be used as solid electrolyte for Li-ion batteries and Bi,Tes
nanostructures prepared by wet chemical method as anode material. Excellent discharge
capacities of 550.5 mAhg ' & 539.6 mAhg ' were achieved for nanoparticles and nanosheets.
These capacities were found higher than 401 mAhg ! i.e. the theoretical capacity of Bi,Tes
nanostructures. Singh et al., discussed the possible reasons of the higher capacity than the
theoretical one. They mentioned that one of the possibilities is the side reaction between
Li-ions, acetylene black and oxide phase as well at the time of the charging of battery.
Another possible reason was the existence of non-reacted elemental bismuth and tellurium

that could take part in battery experiment. They mentioned the theoretical capacities as 384.7

mAhg ! and 420 mAhg ! respectively and not so high in case of elemental Bi and Te phases.
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Therefore, the strong possibility was the side reaction of Li-ions with the acetylene black and
with oxide phase. Fortunately, this was matched with the obtained high theoretical capacity of
Bi,0s3 and TeOi.e. 690.2 mAhg ' and 1007.5 mAhg ' respectively [57]. To further examine
the compatibility of LiBH4 with BixTes, Kumari et al., [58] synthesized the Bi»Tes nanosheets
by the solvothermal method and performed the electrochemical reaction between the BixTes
nanosheets and Li-ion while using lithium borohydride as a solid electrolyte. The first
discharge and charge capacities were found to be 555 mAhg™! & 1290 mAhg ™! for Bi,Tes
nanosheets as anode material. In the time of the charging-discharging experiment, an
unexpected but spectacular gas liberation was analyzed, which followed by an opening of the
battery. This motivated us to think of the role of chalcogenides (Bi»X3, X= S, Se and Te)
materials in the role of destabilization agent for LiBH4 and formed as one of the motivation

of this work.
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Fig. 1-1: Energy consumption in between 2018-2050 [2]
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Fig. 1-2: Schematic representation of hydrogen or protium (H), deuterium (D) and

tritium (T)

29



Parahydrogen Orthohydrogen

Fig. 1-3: Ortho and para hydrogen
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Chapter-2
Purpose of thesis

Hydrogen has high gravimetric energy density; however, it suffers from the low volumetric
density. This has led the research community to develop efficient storage system for
hydrogen. By the time, metal borohydrides and their composites have become attractive
contender for stationary as well as transportation applications. LiBHs4 is one of the
appropriate lightweight complex hydrides because it has high gravimetric (18.5 wt% H>) and
volumetric (121 g Ho/L) densities. However, due to its high thermodynamic stability and slow
kinetics, it releases hydrogen completely above 900°C which makes it incompatible with
proton-exchange membrane (PEM) fuel cells [61]. Researchers have proposed many
solutions to lower the desorption temperature of LiBH4 (thermodynamic alteration) and to
enhance its dehydrogenation rate (kinetic alteration). In order to solve above two issues, there
were two objectives of this thesis related to the thermodynamic as well as kinetic alteration of
LiBH4 related systems. The first objective was to improve the kinetics of 2LiBH4-MgH>
system by adding a magical catalyst KH. The second objective was to destabilize LiBH4 itself
by the addition of BixX3 (X = S, Se, Te) chalcogenides as both the elements of these
chalcogenides i.e Bi and X have quite nice alloying ability with Li, which might cause an
effective destabilization. Following were the detailed objectives of this thesis:

Objective 1: Even though 2LiBH4-MgH> system is destabilized in comparison to LiBH4, it
still possesses serious kinetic problem. Thus, in order to improve the kinetics of

2LiBH4-MgH:> system, the addition of potassium hydride (KH) as a catalyst was attempted.
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Magical catalytic activities of potassium hydride [29] evoked us to give a trial on this
well-known complex hydrogen storage 2LiBHs-MgH»> system. Thus, the effect of KH
addition was studied using thermogravimetry coupled with differential thermal analysis
(TG-DTA) and differential scanning calorimetry (DSC) in this work. During the course of
this investigation, a unique phenomenon of eutectic melting was observed and elaborated in
detail in order to identify the eutectic composition and eutectic temperature.

Objective 2: Second objective was focused on the destabilization of LiBH4 itself. The
motivation of this study was emerged during our recent experiments on all-solid-state Li-ion
batteries [58], where an unexpected cell opening was observed during charging-discharging
measurement which interrupted the cell operation in very few cycles. That cell was made of
three major layers i.e. electrode material (composite of BirTes/LiBHa/acetylene black), solid
electrolyte (LiBH4) and Li-foil. The cell opening was suspected to be caused by the gas
evolution during heating and electrochemical cycling. Thus, the thermolysis of BiTes /
LiBH4 composite was preliminarily investigated using TG-MS and the hydrogen evolution
was found to be initiated at less than 120°C [58], which indicated the reaction between BixTes
and LiBH4. Similar behavior was observed during the charging cycle of Bi,S; and BixSe;s
electrode composites [62],[63] where the charging capacity at second plateau was found
larger than the theoretical capacity due to the unidentified thermochemical reaction. This
unwanted reaction resisted the above materials to be used in full potential window, which in
turn lowered the overall capacity. This motivated us to explore the effect of BioX3 (X= Te, Se
and S) addition on the decomposition temperature of LiBH4 systematically. Aiming on the

above, LiBH4-Bi2X3 composites were prepared by ball milling and the effect of BixX3
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addition on the decomposition temperature of LiBH4 with a focus on structural changes was
analyzed using X-ray diffraction (XRD) and Transmission Electron Microscopy (TEM) in
this work. In addition to enhance the kinetics further, Bi»X3 nanostructures were also

prepared and their effect was also observed on the desorption properties of LiBHa.

41



Chapter-3

Materials and Methods

This chapter describes the information of commercially purchased materials,
procedures for the synthesis of required materials. For the basic understanding of materials
properties and their role in practical use, it is necessary to learn and utilize the
characterization techniques. Keeping this in mind, this chapter explained the basic principle

and methodology of used techniques.

3-1 Sample preparation

3-1-1 Materials

Materials used in this work are shown in Table 3-1. LiBH4 was used after heat treatment at
200°C for 24 h under dynamic vacuum to remove the solvent impurities. KH was washed
several times by hexane in order to remove the mineral oil and dried under vacuum for
several hours. MgH», Bi2X3 were used without any treatment. All samples were handled

solely under inert gas conditions in an argon filled glovebox.
3-1-2 Mechanical ball milling method

Mechanical ball-milling method was employed to prepare 2LiBH4+-MgH> composite,
x(2LiBH4-MgH>) composite mixed with 1-x mol% KH (x = 5, 10, 20, 30, 40, 50, 55, 60, 65,
70, 80, 90) catalyst, LiBHs-bulk 50 wt% Bi>S3, LiBHs-bulk 50 wt% Bi>Se; and LiBH4-bulk
50 wt% Bi>Tes. Mechanical ball-milling method can give physical energy to the sample and
therefore this method is used widely for various applications like synthesis of alloys,
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borohydrides, complex hydrides, mechanochemical reaction, formation of small particles,

induction of defects etc.

Table 3-1 General information of materials used

S. No. Material Purity, state Company
1. Lithium borohydride (LiBH4) 95%., powder Sigma Aldrich
2. Magnesium borohydride (MgH?2) 98%, powder Alfa Aesar
3. Potassium hydride (KH)

4. Bismuth sulfide (Bi2S3) Alfa Aesar 99.9%
Bismuth selenide (Bi2Ses3) Alfa Aesar 99.99%
6. Bismuth telluride (BizTe3) Alfa Aesar 99.98%
7. Bismuth  nitrate  pentahydrate | Loba Chemie 99.99%
(Bi(NO3)3.5H20)
8. Thiourea (CH4N2S) CDH 97%
9. Triethanol amine (HOCH2CH2)3N | Emplura 99%
10. | N,N-Dimethylformamide (DMF) Emplura 99%
11. Selenium powder (Se) Aldrich >99.99%
12. | Hydrazine hydrate (N2Ha4) Fisher Scientific 99%
13. | Tellurium Powder (Te) Aldrich 99%
14. | Sodium Scientific 98%
ethylenediaminetetraacetate
(Naz2-EDTA) (C10H14N2Na20s.2H20)
15. Sodium hydroxide (NaOH) Fisher Scientific 97%
16. | Sodium borohydride (NaBH4) Loba Chemie 97%
17. | Ethanol (C2HsOH) Analytical 99.9%
18. | Bismuth chloride (BiCl3) Aldrich 98%

In this work, planetary (rotating) type ball mill apparatus (Fritsch, P7) as shown in fig. 3-1
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was used to synthesize the samples. The milling pot with the inner volume of about 30 cm?
was specially designed and made of Cr steel. Steel (SUJ-2; high-carbon chromium bearing
steel in conformity with JIS G 4805) balls with 7 mm in diameter or zirconium oxide (ZrO-)
balls with 8 mm diameter were chosen for ball milling depending on situation (material used).
In case of our first objective (i.e. 2LiBH4+-MgH> composite, 2LiBH4-MgH> composite mixed
with x% KH) 20 balls of ZrO; were opted with batches of 500 mg sample weight. The milling
was conducted for a total of 2 h with a 30 min pause after 1 h milling. The details of all the
studied samples with compositions are given in Table 3-2. For the preparation of samples for
the second objective, 50 wt% Bi»S3, Bi»Se; and BiTe; were separately mixed with heat
treated LiBH4 by mechanochemical treatment in a planetary ball mill under inert conditions
(Ar atmosphere). A total of 300 mg sample was prepared using 10 pieces of steel balls. The
milling was conducted at 400 rpm for a total of 2 h with 1 h milling followed by 30 min
pause pattern. The composites of prepared nanostructured Bi»X3 with heated LiBH4 were also

prepared using ball milling in a similar way adopted for the bulk Bi2X3 based composites.

3-1-3 Synthesis of nanostructures

All the nanostructures 1.e. Bi»S3 nanoflowers, Bi2Ses nanosheets and BixTes nanosheets were
synthesized using hydrothermal method.

Preparation of Bi>S3 nanoflowes

For the preparation of Bi,S3 nanoflowers, first 0.61gm high purity (99.99%) bismuth nitrate
pentahydrate (Bi(NO3)3.5H>0) and 0.25 gm thiourea (Tu) were mixed and dissolved in 60 ml
deionized water and were stirred at 250 rpm for 1 h. The solution was then transferred to a

sealed autoclave which was heated at 140°C. 2 h later on finishing the reaction it was cooled
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down to room temperature. Then black color precipitate was collected after filtration and
washed by deionized water and ethanol for several times and dried at room temperature, see
fig. 3-2.

Preparation of Bi>Ses nanosheets

BixSes nanosheets were also synthesized by hydrothermal process. High purity (99.99%) 2.6
mmol bismuth nitrate pentahydrate (Bi(NO3)3.5H20) triturate was added in 5 ml of triethanol
amine and was mixed using stirrer. After 15 min, 15 mmol of NaOH was dissolved in 20 mL
DMF and 7.4 mmol of Se powder was also added in it under constant stirring. 0.8 ml
hydrazine hydrate (reducing agent) was also added during constant stirring. After continuous
stirring for 1.5 h, the mixture was transferred into a Teflon-lined autoclave with 80 ml DMF
and heated at 150 °C for 2 h. The black color precipitate was collected after cooling autoclave
at room temperature and washed off with deionized water. After washing with water, it was
washed using ethanol several times and then finally dried in the oven at 60 °C for 12 h, before
characterization see fig. 3-3.

Preparation of Bi:Tes; nanosheets

For the preparation of Bi;Tes nanosheets, 75.67 mg bismuth chloride (BiClz - 99.99% purity)
was mixed with 45.93 mg tellurium (Te) and 1g sodium ethylenediaminetetraacetate
(Na2-EDTA). After that the mixture was poured in 60 ml distilled water and stirred at 250
rpm. After 10 min stirring, it was transferred into a teflon lined 100ml autoclave reactor.
Reducing agents 0.8gm sodium hydroxide (NaOH) and 0.8gm sodium borohydride (NaBH4)
were also mixed to the autoclaved sample after 30 min stirring. Reactor autoclave was then

sealed and kept for heating at 180 °C for 27 h. After the reaction completion autoclave was
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cooled to room temperature and remaining black color precipitate was filtered and washed by
deionized water and then with ethanol for many times. At last it was ready to dry at room
temperature before characterizations, see fig. 3-4.

Table 3-2 Sample composition and molar ratio of components

Sample x(2LiBH4-MgH>) | (1-x)KH Molar ratio
(LiBH4-MgH>-KH)

S0 (0% KH) 1.0 0.0 2.00:1.00:0.0
S1 (5% KH) 0.95 0.05 1.90:0.95:0.05
S2 (10% KH) 0.90 0.10 1.80:0.90:0.10
S3 (20% KH) 0.80 0.20 1.60:0.80:0.20
S4 (30% KH) 0.70 0.30 1.40:0.70:0.30
S5 (40% KH) 0.60 0.40 1.20:0.60:0.40
S6 (50% KH) 0.50 0.50 1.00:0.50:0.50
S7 (55% KH) 0.45 0.55 0.90:0.45:0.55
S8 (60% KH) 0.40 0.60 0.80:0.40:0.60
S9 (65% KH) 0.35 0.65 0.70:0.35:0.65
S10 (70% KH) 0.30 0.70 0.60:0.30:0.70
S11 (80% KH) 0.20 0.80 0.40:0.20:0.80
S12 (90% KH) 0.10 0.90 0.20:0.10:0.90

3-2 Characterization techniques

3-2-1 X-ray Diffraction Spectroscopy (XRD)

Principle

XRD 1is an important technique for the characterization of crystalline materials and to
determine their structures. When electrically accelerated thermoelectrons are irradiated to the
target material for the generation of X-rays, an electron from inner energy level (such as K
shell) is ejected. Then an electron from outer shell fall into the vacant place to make a stable
ground state with emitting X-rays. When the voltage of X-ray tube is increased to a certain

critical level, sharp intensity peak appears at specified wavelength, superimposed continuous
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spectrum. Since the maxima (peak) is so narrow and since their wavelengths are
characteristic of the target metal used, they are called characteristic lines. Each crystalline
powder sample has its own characteristic X-ray pattern and used as fingerprint for its
identification by X-ray. Copper is the most common target material for crystal diffraction,
with CuK, radiation = 1.5418A. Other material used as target are Cr, Fe, Co and Mo for
characteristic X-ray. As shown in fig. 3-5, the interaction of the incident rays with the sample
produces the diffracted rays which have a path difference AB+BC. These diffracted X-rays
undergone through a constructive interference when they satisfy Bragg's Law [64]:

nA=2d sin 0
where, n = an integer determined by the order given,
A = wavelength of incident X-rays,
d = spacing between planes in the atomic lattice and
0 = angle between the incident ray and scattering planes (diffraction angle).
Bragg's law relates the wavelength of electromagnetic radiation, the diffraction angle and the
lattice spacing in a crystalline sample. The diffraction angle between the diffracted and
incident beam i.e. 20 is measured experimentally. The spacing between planes in the atomic
lattice can be calculated according to the structures of the crystal, for example for cubic
structure:

1 W4k 42

d? a?
where, d is the spacing between adjacent (hkl) lattice planes
h, k and 1 are miller indices and a is lattice constant [65]

Procedure
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Rigaku-RINT 2500 diffractometer equipped with CuKa radiation (as shown in fig. 3-6) was
used in this work. All the samples were prepared in high purity Ar-filled glove box. The
samples were set on glass plate spread with grease for high vacuum. All samples were
covered by a polyimide sheet (Dupont-Toray Co. Ltd., Kapton) of 8um thickness to protect
them from air as shown in fig. 3-7. This technique was used for the structural characterization

of all the samples after milling and heating treatment at different temperatures.

3-2-2 Thermal analysis for gas desorption
3-2-2-1 Thermogravimetry — Differential thermal analysis (TG-DTA)

Principle

TG-DTA is a thermal analysis technique as shown in fig. 3-8 and 3-9. Fig. 3-8 shows the
schematic representation of thermo-balance (apparatus), where, SDTA stands for single
differential thermal apparatus. The weight loss is detected during the desorption of gases as a
function of temperature. Thermo sensors attached to the balance can detect the heat flow due
to the gas desorption or phase transition of the sample. For the DTA measurement, an
exothermic or endothermic reaction takes place during the programmed heating or cooling of
the sample. In this process a phase transition of the sample, melting and desorption
temperature can be detected. There were two pans equipped in the machine, one was used as
reference pan and another holds the sample. In principle, the sample pan made of aluminum
(Al) and alumina (Al>O3) can be available up to 500 and 900°C, respectively or sometimes
platinum for higher temperature range. The choice of sample pan totally depends on the
studied material and related reaction mechanism. On increasing temperature, the temperature

difference (A T) was observed by the thermocouple equipped with each holder. The TG-DTA
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apparatus used in this work was connected with thermal desorption mass spectroscopy which
is explained in next section. The desorbed gases during heating in TG-DTA flowed through a
capillary by flowing Ar as carrier gas, to the connected TDMS (thermal desorption mass
spectroscopy) apparatus. Hence, the partial pressure of desorbed gases was continuously
removed from the reaction area of TG-DTA to maintain zero partial pressure of desorbed
gases throughout the reaction. In case of hydrogen storage materials, if the desorbed gas is
only hydrogen then the weight loss will be corresponding to the capacity of hydrogen of the

sample [66].

3-2-2-2 Thermal Desorption Mass Spectroscopy (TDMS)

Principle

In this work, thermal gases desorption properties of all the samples were examined by
TG-DTA coupled with mass spectroscopy. This method enables the immediate determination
of volatile reaction products: a small part of the gas which is formed on heating in the DTA
furnace enters the ionization chamber of the mass spectrometer through a narrow capillary
and a valve, where it can be investigated immediately. The gas molecule desorbed from the
sample are ionized by confliction with electron beam in ionization part. Thus, the ionized gas
molecules can be expressed as m/z, where, m is mass of sample molecules and z is charge
number. A recorder shows the thermal effects as well as the composition of the gaseous
reaction products in dependence on the heating temperature.

Procedure

The thermal properties of all the samples synthesized in this thesis were investigated by

TG-DTA apparatus (Rigaku, TG8120) coupled with a mass spectrometer (MS, Anelva,
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M-QA200TS) which was installed inside the glove box to minimize an influence of exposing
the samples to air see fig. 3-9. About 3 ~ 5 mg of the sample was put on a pan and set to the
balance in the TG-DTA apparatus. This instrument was used in both objectives of this thesis
to understand the reaction mechanism at different temperatures and phase change during the
heating process. TG coupled with DTA and Mass spectroscopy was performed under an argon
gas flow (300 ml/min), at the heating rate of 5°C/min. This technique was also helpful to

analyze the released gases during different stage of reaction.

3-2-2-3 Differential scanning calorimetry (DSC)

Principle

Heat flux (enthalpy change) with exothermic or endothermic reactions are measured by the
DSC (Differential scanning calorimetry). This technique is more effective than that of
previous one i.e. TG-DTA as heat quantity of the corresponding reaction can be detected
more sensitively than TG-DTA. Moreover, large amount of samples can be used for
analyzation in case of DSC resulting in clear signals. The integrated area of peaks observed in
DSC measurement theoretically corresponds to the heat of reaction. There are two types of
DSC, one is power compensated type DSC and second is heat flux type DSC. Heat flux type
of DSC was used in this work, see the schematic diagram in fig. 3-10 [66]. Enthalpy change
and heat capacity change in the sample causes a difference of temperature between the
sample and reference, which is recorded by DSC measurement. The DSC measurements are
able to perform under open system (gas flow system) and closed system within the maximum

pressure of 7MPa.
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Procedure

The high pressurized DSC apparatus (Q10 PDSC, TA instruments) was installed in a glove
box to avoid the contact with air and impurity, see fig. 3-11. About 3 mg sample was put on
Al pan and set in furnace. The DSC measurements was carried out in the range of 30 to
500°C with the heating rate 5°C/min. Cooling was also recorded after completion of heating

measurement. All the measurements were performed under 0.1 MPa Ar gas.

3-2-4 Transmission Electron Microscopy (TEM)

Principle

TEM (Transmission Electron Microscopy) is an important technique to characterize the
microstructures and nanostructures in which electrons are radiated to the solid samples. The
electrons interact with sample and get transmitted through it and strike a fluorescent screen to
generate high resolution sample image. TEM works on the same principle as light microscope
but instead of light a high energy electron beam is used to produce an image. As De-Broglie
wavelength of the electrons is much smaller than that of photons so TEM can produce high
resolution images. The detailed information about sample crystal structure can be detected by
the TEM. Fig. 3-12 shows the interaction of incident electron beam with the specimen sample.
Some electrons are scattered without losing their energy (elastic scattering) and some
scattered with the partial loss of energy (inelastic scattering). Suppose a parallel electron
beam interacts with the specimen, some of the electrons penetrate through the sample
(transmitted) and others are diffracted at some angle. However, a diffraction pattern can be
obtained when a film is set at the point of focal back plane and an electron microscope image

can be produced when a film is set at the imaging plane see fig. 3-13. There are two modes in
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TEM to construct an image, one is bright field image, and another is dark field mode image.
When an unscattered (transmitted) electron is selected with the aperture and the scattered
electron beam is restricted to pass through the back focal plane then a bright field image can
be obtained because of the transmission of electrons and hence less electron accumulation.
On the other hand, in dark field mode of image, a scattered beam is selected to pass through
and unscattered electrons are restricted to the aperture. Therefore, in dark field mode, the area
around the sample being examined appears light, rather than dark. Bright field images are the
most common one obtained from the TEM [67].

Procedure

In this thesis work, TEM experiments were performed using 200 kV TEM (JEOL JEM 2010)
to characterize nanostructured BixX3 (X = Te, Se, & S) samples and their composites with
LiBHs. In-situ study was performed to understand the reaction mechanism of these
composites at different temperatures. A molybdenum grid was used to hold the spread sample
and afterwards the sample was moved to TEM chamber. During the sample loading, plastic

bag method was adopted to reduce the air contact for TEM samples [68].

3-2-5 Scanning Electron Microscopy (SEM)

Principle

When electron beam is focused on the sample, it interacts with the atoms and penetrate in the
sample material. In case of SEM the interaction depends on volume of electrons in the sample.
There are some specified modes of imaging in the SEM, i.e. secondary electron, back
scattered and characteristics X-ray, see fig. 3-14 ejected by the primary beam from a shell.

When primary electrons interact with the atoms of the specimen secondary electron are
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generated by the inelastic scattering. Due to the low energy (50 eV) these electrons are
generated from only few nanometers inside the sample surface, thus giving the information
about the surface morphology. In case of BSE (backscattered electrons), primary electron
beam deviate due to the interaction with the nuclei of the sample atom and by the elastic
scattering the BSE generated see fig. 3-15. For a sample, the volume of interaction depends
on mean atomic number, density and beam energy. BSE have high energy and can penetrate
deep within the sample. High atomic number elements can generate BSE more strongly than
the less atomic number elements. For example Au have large nuclei (z=79) therefore
providing more powerful effect to the path of the primary electron beam and developing the
large deviations [69]. Secondary electrons are used to study the topology of the materials
whereas characteristic X-rays are used to perform the elemental mapping of the samples. The
electron beam can be generated by choosing an electron gun. Two types of electron gun are
commonly used, i.e. thermoelectron and field emission (FE). The high resolution observation
can be obtained using FE type gun. Fig. 3-16 shows the schematic diagram of SEM.
Procedure

In this thesis, prepared nanostructures (Bi2S3, BixSes and BiyTes) were characterized by the
SEM instrument (Nova Nano FE-SEM 450 FEI). The accelerating voltage was used 15 kV
for the instrument. JEOL JSM 6380 was used to observe the surface morphology of materials
before and after heating (used instrument images are shown in fig. 3-17). The samples were
prepared inside the glove box and transferred to the SEM apparatus by using Sample transfer

stick as shown in fig. 3-17.
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Fig. 3-2: Schematic for the synthesis of Bi2S3 nanoflowers
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Fig. 3-4: Schematic for the synthesis of Bi2Tes nanostructures
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Fig. 3-5: Diffraction of X-ray from lattice planes in crystal [3-2, 3-3]
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Fig. 3-6: Picture of Rigaku-RINT 2500 XRD equipment
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Fig. 3-7: Sample

for XRD measurement
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Fig. 3-8: Schematic of TG-DTA apparatus
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Fig. 3-9: (a) Rigaku, TG8120 connected to a mass spectrometer (MS, Anelva,
M-QA200TS) glove box, (b) TG-DTA instrument inside the glove box
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Fig. 3-11: Image of Q10 PDSC, TA instruments DSC apparatus (a) Closed DSC setup
inside glove box (b) Open DSC instrument
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Fig. 3-14: Interactions between electrons and a sample [70]

66



PE SE

Characteristic
X-ray

Fig. 3-15: Emission of secondary electron, backscattered electron and characteristic
X-ray

67



v X scan
. <+—relectron gun a1 generators
v
specimen ! condenser iR
|+t lenses : ;
cols \— o Y
N e : :
\:\ T | S R G e ; P * i IS
?'E‘D: :“r_ ............................. + :
objective  [——— %, magnification x| iy
lens T X control _
Zv: Image
brightness | display
= X
specimen \ signal
- — detector amplifier

Fig. 3-16: Schematic diagram of a scanning electron microscope

68



Sample transfer stick

Sample stage
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Chapter-4

Improving the Kinetics of 2LiBH4-MgH; system by the
addition of potassium hydride (KH) as a catalyst

4-1 Introduction

As we discussed the storage systems in chapter-1 (section:1-8), 2LiBH4:MgH>-RHC specially
2LiBHs+ + MgH> system attracted our attention due to its suitable thermodynamics and
sorption properties. To use this system practically, there is still a need to reduce the
decomposition temperature which is still over 350°C due to kinetic constraints as reported by
different researchers. Potassium hydride has been recognized as one of the magical catalyst,
which was first introduced for the improvement of Mg(NHz). — LiH system by Wang et al [29]
as discussed in chapter 1. Magical catalytic activities of potassium hydride evoked us to give a
trial on the well-known complex hydrogen storage system i.e. 2LiBH4-MgH>. Thus, the effect
of KH addition was studied by thermogravimetry coupled with differential thermal analysis
(TG-DTA) and differential scanning calorimetry (DSC) in this work. XRD analysis was also
performed after milling and heating at 290°C for different compositions of KH in
2LiBH4-MgH2> system.

In this chapter, a comparative study between the 2LiBH4-MgH> system and
2LiBH4-MgH:> system with 5 mol% KH was presented using TG-DTA and DSC. The next
section described the reactive composite 2LiBH4-MgH> system without KH and with

increasing percentage of KH.
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4-2 Effect of 5 mol% KH addition on the 2LiBHs-MgH2 system

TG-DTA results of the composite 2LiBH4-MgH> with and without 5% KH are shown in fig.
4-1. Three endothermic peaks were found in the DTA profile for the 2LiBH4+-MgH> without
additives (shown by dashed line in upper panel of fig. 4-1). The first two peaks at 115°C and
285°C belongs to the structural phase transition and melting of LiBH4 respectively. The
weight loss was started around 340°C as observed from TG (lower panel, dashed line), which
reflected the starting temperature of hydrogen desorption and the corresponding DTA peak
was detected at 365°C. The second step decomposition was observed at more than 400°C,
which is in line with the literature [61]. On the addition of 5 mol% KH, a shift in desorption
temperature was observed for the first step with a peak temperature of 268°C (solid line),
while no significant change was observed for the second step decomposition. In addition to it,
an unusual but quite interesting phenomenon of shift in melting peak (285°C) was also
observed in DTA curve for KH added 2LiBH4-MgH> system. It is well known that the
melting cannot be affected by the use of additive, unless it forms a eutectic mixture. Another
possibility can be associated with the occurrence of some unknown irreversible reaction. This
observation prompted us to investigate the effect KH addition to this system in more detail.
To investigate it more precisely, same samples were examined using DSC and the results are
depicted in fig. 4-2. The reversible nature of peak around 285°C confirmed the melting
(during heating) and solidification (during cooling), whereas a clear shift to the lower
temperature was the testament of eutectic melting. In addition, a small endothermic event was

also observed with peak temperature of 110°C, just before the phase transition temperature of
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LiBH4. This must be associated with the eutectic melting of eutectic composition. Although
the phenomenon of eutectic melting is complicated, we can describe it simply as follows: the
eutectic melting happens if two or more components sustain their liquid state below the
melting points of their pure components. These eutectic melts can be utilized as media in
which substances can dissolve with good solubility. Melting of complex systems like
borohydrides and mixture of metal borohydride, hydride and halides can also increase
reactivity and can improve kinetics for the release of hydrogen [71],[72]. Lowering melting
point, metal borohydrides and complex systems which showed eutectic melting behavior,
acted as ionic liquids and can be utilized for refueling of vehicles [73]. Deep eutectic
Mg(BHa4)2/LiBH4 systems in complex borohydrides might behave as liquid in PEM fuel cell
which is advantageous in hydrogen reversibility [71]. Many researchers have focused on
lowering the eutectic melting points by using the combination of different complex hydride
systems due to its excellent onboard application. Bimetallic mixtures have been found to have
much lower melting points in comparison with monometallic borohydrides M(BH4)x, where
M = Li, Na, K, Mg or Ca [71],[72],[73]. For example, the bimetallic mixture of lithium and
potassium borohydrides 0.725LiBH4-0.275KBHs have shown melting point Tw=105°C,
which  was much lower than the individual borohydride [61]. Similarly,
0.62LiBH4-0.38NaBH4 system displayed the melting at 210-220°C [72],[73],[74], lower than
the individual components. In case of composite LiBH4-Ca(BH4) system, it exhibited eutectic
melting at 200°C and a partial reversibility has been confirmed for the first time [75]. The
xLiBHs-(1-x)Mg(BH4)2, x = 0.5-0.6 system exhibited a reduced initial temperature of

hydrogen release i.e. 180°C (Tm= 180°C) [76]. Thus, to investigate the anticipated similar
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phenomenon, a series of 2LiBH4-MgH> with increasing mole percentage of potassium
hydride was prepared and was analyzed using differential scanning calorimetry (DSC) in a

temperature range of room temperature to 500°C.

4-3 Effect of varying KH content on the 2LiBHs-MgH:2 system

Fig. 4-3 shows the DSC profile of samples up to 150°C. The onset temperature has been
considered as melting temperature. The compositional details of the prepared samples are
given in chapter 3 (Table 3-2). Sample S1 - S4 showed two very close peaks around
110-120°C and one peak in the temperature range 160-235°C. The endothermic peak in
higher temperature range corresponded to the melting of the composite mixture and thus it
was not very interesting, but the lower temperature peaks were of special interest and these
could be assigned to the eutectic melting and phase transition respectively. With the
increasing content of KH, the eutectic melting peak height was found to be increasing and
shifting slightly to the lower temperature, whereas the peak corresponding to the phase
transition was getting modest. The melting peak corresponding to the composite melting was
also observed to be shifted to lower temperature. Finally, sample S5 shows only one peak that
corresponds to the complete melting thus eliminating the peak corresponding to phase
transition of LiBH4, as it was irrelevant in the melted state. Fig. 4-4 shows DSC profiles of
some selected samples to determine the lowest melting temperature. The lowest onset
temperature was found as 79°C for sample S7 with a composition of

0.45(2LiBH4-MgH,)-0.55(KH).
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4-4 Phase diagram of x(2LiBH4-MgH3) - (1-x)KH system

All the data corresponding to melting of composite mixtures is plotted in fig. 4-5, which
could serve as a phase diagram of x(2LiBH4-MgH»)-(1-x)KH system. Since the melting was
not observed for samples S10 - S12, the curve was connected by dashed line, whereas the
other part was connected by solid line, which clearly shows the eutectic composition as
0.45(2LiBH4-MgH2)-0.55KH. The line connecting to the melting point of KH and LiBHj4 is
liquidus line above which both components lies in liquid phase, whereas the horizontal line
through the eutectic composition is solidus line. Above the liquidus line both components will
be in liquid phase however below the solidus line each composition will be in solid state. We
can understand liquidus and solidus as the boundaries between the liquid region and double
phase region and solid region and double phase region, respectively. At the eutectic melting
point Tm, three phases will coexist i.e. KH in solid state and 2LiBH4-MgH2> in solid state and
x(2LiBH4-MgH>)-(1-x)KH 1n liquid state.

At eutectic melting point:

According to Gibbs phase rule F=C - P+ N

N =1 (the diagram is plotted for fixed pressure, 1 atm)

F=C-P+1

Number of components, C = 2 (2LiBH4-MgH> and KH)

Number of phases, P =3

(KH in solid state, 2LiBH4-MgH> in solid state and x(2LiBH4-MgH>)-(1-x)KH in liquid state)
Degree of freedom F=C—-P+1=2-3+1=0

This means the point is invariant, i.e. degree of freedom for this point is zero. In this phase
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diagram, invariant is a point where 3 phases are in equilibrium (x(2LiBHs+-MgH>)-(1-x)KH in
liquid state and KH in solid state, 2LiBH4-MgH> in solid). However, at the liquidus line let
say some point is A (red color) see fig. 4-5 in phase diagram.

At point A:

C=2

P =2 (solid 2LiBH4-MgH> and liquid 2LiBH4-MgH>)F = 1

Therefore, if we know the temperature, the component can be calculated automatically.

4-5 Structural observations after milling and heating

To confirm the above melting and non-occurrence of any other reaction, X-ray diffraction
(XRD) was performed for all the samples after milling as well as after DSC experiment up to
290°C. The XRD profiles of selected samples are shown in fig. 4-6. The XRD profile after
milling suggested the existence of MgH> and LiBH4 phases, however, no peaks
corresponding to KH were visible for any samples up to the sample having 70% KH (S10). In
addition, some peaks could be indexed for KBH4 phase for the samples having 60% KH or
more (S8-S12). The formation of KBH4 revealed that the reaction between LiBH4 and KH
and anion exchange took place during milling. The formation of amorphous KBH4 can also
be expected for other samples with less KH content. Another possibility of the absence of
KBH4 peaks in XRD of sample S1-S7 can be attributed to the presence of KBH4 in very
small amount, which was not in the detection limit of XRD. This speculation was confirmed
from the XRD profile of sample S11 (80%KH), where the peaks corresponding to both

phases i.e. KH as well as KBH4 were present due to the excess amount of KH.
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On the other side, for the samples after melting see fig. 4-7, KBH4 peaks were clearly visible
for the S1 sample with only 5% KH. It suggested the crystallization of KBH4 phase during
solidification. The peaks corresponding to MgH» along with KBH4 were also visible in all the
samples after heating at 290°C. In addition, the peaks corresponding to potassium hydride

were also detected in samples S11 similar to the milled sample.

4-6 Summary

On combining the DSC and XRD data, it was concluded that the melting peak shift to the
lower temperature was purely due to melting which arose probably due to the eutectic
composition of LiBH4-KBH4 and no other side reaction took place during the heating range.
Eutectic melting in LiBH4- KBH4 has already been investigated by L.B. Morten group in
2014 [74] and the lowest eutectic temperature was reported as 105°C. In our case we
observed the lowest temperature as 79°C, which is different from the above, however, it
might be associated with the different starting materials and/or different measuring method
(TPPA in the above report, while DSC in this work). The effect of KH as a catalyst for the
first decomposition step of the above system can also be understood on the basis of this
eutectic melting. Since KH reacted with LiBH4 during the milling process, it changed to
KBHs4 which formed a eutectic composition with LiBH4, thus reducing the melting
temperature of the above system. The ionic mobility was enhanced due to the weakening of
Li-B-H bonding in the molten state of LiBH4, thus enhancing the sorption kinetics and
reducing the decomposition temperature of first step reaction which corresponded to the

LiBH4 decomposition.
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Fig. 4-1: DTA (upper panel) and TG analysis (lower panel) of 2LiBH4+-MgH: (dashed
lines) and 2LiBH4+-MgH: - 5%KH (solid lines)
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Fig. 4-2: DSC profile of pure (green color) and 5 mol% KH added LiBHs-MgH:
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Fig. 4-3: DSC curves for pure 2LiBHs-MgH: (first from upwards) and with the
different potassium hydride content. SO is the sample 2LiBH4+MgH: without
addition of KH i.e. 0% KH 2LiBH4+MgH2, S1 is 2LiBH4+MgH: with Smol%KH, S2
is 2LiBH4++MgH: with 10mol%KH, S3 is 2LiBH4s+MgH: with 20mol%KH, S4 is

2LiBH4+MgH:
2LiBH4+MgH:
2LiBH4+MgH:
2LiBH4+MgH:
2LiBH4+MgH:

with 30mol%KH, SS is 2LiBH4+MgH: with 40mol%KH, S6 is
with S0mol%KH, S7 is 2LiBH4+MgH: with 55mol%KH, S8 is
with 60mol%KH, S9 is 2LiBH4+MgH2 with 65mol%KH, S10 is
with 70mol%KH, S11 is 2LiBH4+MgH: with 80mol%KH, S12 is
with 90mol%KH (See the table 3-2 in chapter 3 for detailed

information about samples from S0 to S12)
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Fig. 4-4: DSC profiles of selected KH added 2LiBHs4-MgH: samples. S6 is
2LiBH4+MgH: with 50mol%KH, S7 is 2LiBHs4+MgH: with 55mol%KH, S8 is
2LiBH4+MgH:2 with 60mol%KH. Lowest melting onset peak was found for S7.
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Chapter-5

Destabilization of LiBH4 by the infusion of BiX3; (X =S,

Se, Te): Structural and Morphological Investigation

5-1 Introduction

This chapter covers our second objective of this thesis, i.e. focus on decomposition properties
of LiBHs by the addition of BixX3 chalcogenides. Structural and morphological
characterizations like XRD and TEM have been performed for all the prepared bulk and
nanostructures and their composites with LiBHs to understand the reaction mechanism.
TG-DTA connected with MS was used to investigate the thermal profile of the bulk and nano

Bi2X3 mixed LiBH4. Finally, a reaction mechanism was established for these composites.
5-2 Dehydrogenation of LiBH4 — bulk Bi2X3 composites

The TG-DTA and MS profiles with heating rate 5°C/min in fig. 5-1, 5-2 and 5-3, show the
hydrogen desorption properties of heated LiBH4 mixed with bulk commercial samples of
BixX3 (X=S, Se and Te). DTA profiles of all three composites showed endothermic peaks at
117°C and 283°C corresponding to the phase transition and melting respectively. A tiny signal
corresponding to diborane was also observed in all the mass spectra which is negligible to
consider. The observations confirmed that the onset dehydrogenation temperature was
significantly reduced from 450°C for pristine LiBH4 to 75°C in case of LiBH4 - 50wt% bulk
Bi2S3. The MS profile of LiBH4-Bi2S3 composite (fig. 5-1) suggested 3 major steps for
decomposition with the onset temperature at 75°C, 340°C and 445°C. A weight loss of
7.2wt.% was observed in first step followed by 3.3 and 2.1% in second and third step
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respectively (TG profile in fig. 5-1). Fig. 5-2 shows the decomposition profile of LiBH4 -
50wt% bulk BixSes. The first step decomposition could be started at 145°C with weight loss
of 3.7wt.%. The onset of second and third step was quite similar to that of Bi»S3 composite i.e.
340°C and 432°C respectively, however the ending temperature of second step was found
slightly different. A total of 5.2wt% hydrogen was desorbed in these steps up to 500°C. The
LiBH4 - 50% bulk BirTes composite was also investigated by TG-MS to study the thermal
behaviors of the sample (fig. 5-3). The hydrogen sorption could be started at 185°C and a
total of 2.76 wt% hydrogen was released during first step reaction with a minute amount of
BoHs, similar to other two cases. Second and third step reactions were observed to start at
same temperature as of Bi,S3 and BixSes based composites. A total weight loss of 5.24% was
observed in the second and third step of reaction up to 500°C. A total amount of 8 wt.%
hydrogen was liberated from LiBHs-50 wt% Bulk BixTe;. To understand the reaction
mechanism of above, XRD analysis was performed at different temperatures according to MS
profile. In addition, a fluctuation around 280°C (the melting point of LiBH4) in all the TG
profiles was visible, which might be associated to the buoyancy effect [77],[78],[33],
commonly observed in borohydrides decomposition. Since the temperature of second and
third peak for all the three composites was found same, these were believed to correspond the
same type of reactions.

Although all the 3 composites showed a reduced decomposition temperature compared to
LiBHa4, the onset temperature was still higher than it was observed in case of nano-Bi>Tes [58].
This must be associated with the kinetic limitation. It is well known that nanomaterials and

nanostructures affect the kinetics of hydrogen absorption and dissociation by decreasing the

85



needed diffusion length or by increasing the diffusion rate [79].

5-3 Nanostructures characterizations: SEM and TEM analysis

To understand the effects of nanostructures on hydrogen desorption properties, we first
characterized them by FESEM and TEM. The FESEM image as shown in fig. 5-4 (a)
suggested that the Bi>S3 nanoflowers were grown in large quantity and consisted of nanorods
like leaf structure. The diameter of nanorods was assigned in the range of 10-150 nm whereas
length varied in the range of 150-400 nm. All samples were characterized by TEM also to
validate the nanostructures which confirmed a flower like structure, as shown in fig. 5-4 (b).
Fig. 5-4 (c) depicted the spot diffraction pattern recorded by SAED which indicated the
polycrystalline structure of Bi>S3 nanoflowers. Fig. 5-4 (d) shows the HRTEM image of Bi>S3
nanoflowers, in which the HRTEM image of selected area indicated the d-spacing of 0.51nm
corresponding to (120) plane of BixS3 structure. Fig. 5-5 shows the morphology of BixSes
nanostructures. The nanosheets of Bi2Se; are shown by TEM observation in Fig. 5-5 (a). The
uniform sheets of 50-100 nm sizes were widely distributed over the surface as can be seen by
FE-SEM image in Fig. 5-5 (b). The bright spots in Fig. 5-5 (c) indicated the crystallinity of
sample by SAED pattern. Interplanar distance was depicted as 0.34 nm for the plane (012) of
selected area in HRTEM image (fig. 5-5 d). Fig. 6 shows the morphological characterization
for BixTe; nanostructures. The high-resolution FE-SEM showed sheets like structures for
Bi,Te; as shown in fig. 5-6 (a). TEM experiment as shown in fig. 5-6 (b) also confirmed the
sheets structures of as prepared sample of BirTes. Selected area electron diffraction pattern
clearly indicated the crystalline sample of BixTes see in fig. 5-6 (c) with an interplanar

spacing as 0.21 nm (fig. 5-6 d) which corresponds to (113) plane of BirTes structure.
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5-4 Effect of nanostructured Bi2X3 on decomposition properties of LiBH4

Nanostructures have been defined as new art of energy storage which can give different
routes and new opportunity in the field of solid - state hydrogen storage [80],[81],[82]. Due to
the immense sake we switched towards nanostructures of Bi chalcogenides [83],[84],[85].
The TG-MS profile for all the 3 composites with nanostructured Bi»X3 are shown in fig. 5-7
(a) and 5-7 (b). The total weight loss for all the composites was found quite similar to the
composites having bulk Bi»X3, however, the MS profile showed multiple peaks. This must be
due to the presence of kinetic active and inactive part of the composites. The enhancement is
clear from fig. 5-7 (c — e) where a comparison of MS profile for bulk and nanostructure-based
composites is shown. A shift in the MS peaks to lower temperature can clearly be seen for the
composites with nanostructures. It is noteworthy here that the onset temperature for 1% step
for all the composites was drastically reduced, which clearly suggested a kinetic enhancement.
Table 5-1 also shows a comparison of minimum temperature achieved for the decomposition
in bulk and nanostructures of all samples. The lowest onset temperature of 50°C could be
achieved for composite having Bi,S3 nanoflowers. In summary, it can be concluded that the
addition of bulk Bi2X3 destabilize LiBH4 thermodynamically, however a kinetic barrier still
exists. A further reduction in the decomposition temperature could be achieved by the kinetic
enhancement by the use of nanostructures which can be dispersed throughout the surface
more homogeneously and make good contact with LiBH4 and provided better diffusion path

for hydrogen liberation.

87



Table 5-1 Onset desorption temperature of LiBH4 mixed with bulk and nanostructured

Bi2X3
Onset temperature (°C)
LiBH4 — 50 wt% bulk LiBH4 — 50 wt% nano
Bi2 X3 Bi:2 X3
LiBH4 — 50% Bi2S3 75 50
LiBH4 — 50% Bi2Ses 145 60
LiBH4 — 50% Bi:Tes 185 75

5-5 XRD analysis of LiBH4 — 50wt% Bi2X3 composites at different decomposition steps

The phase compositions of all three samples i.e. LiBH4 mixed with 50wt% Bi>S3, 50wt%
BixSes and 50wt% BixTes were investigated by XRD. The XRD profile of LiBH4 - 50% Bi>S3,
shown in the bottom panel of fig. 5-8 suggests that a mechanochemical reaction between the
components of composites took place during milling as evidenced from the presence of Bi
peaks in addition to the starting material Bi,S3. The peaks corresponding to LiBH4 could not
be observed due to low scattering factor of LiBH4 in comparison to the other phases in the
composite. From the presence of Bi phase, we expect the formation of LiS also however the
peaks corresponding to Li>S was at the same position as of other phases. So, it was difficult
to differentiate them, however these were also indexed in the diffractogram. In contrast to
LiBH4 — 50wt% Bi1,S3, the XRD data of LiBH4 — 50wt% Bi>Ses (fig. 5-9, bottom panel) and

LiBHs — 50wt% bulk Bi;Te; (fig. 5-10, bottom panel) confirmed the presence of both
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counterparts of composites, thus suggesting no reaction between them.

To reveal the reaction mechanism of LiBH4-50wt% bulk Bi»X3 composites, structural
characterization was performed by collecting the XRD patterns after heating to various
temperatures according to TG experiment. Fig. 5-8 shows the XRD patterns for BixS3
composites, where mainly bismuth peaks were observed for the sample heated up to 220°C
after the first step reaction between LiBH4 and Bi>S;3. The other expected phases i.e. Li>S and
LiBH4 could not be observed probably due to the low scattering factor of LiBH4 and LizS in
comparison to Bi or due to less crystallinity ratio of these phases in comparison to Bi.
However, the presence of LiBH4 could be confirmed from the DTA profile (fig. 5-11) of
composite up to 300°C, where the profile during cooling showed the exothermic peaks at
273°C and 102°C corresponding to solidification and phase change of LiBH4 respectively.
Further heating up to 340°C didn’t change the XRD profile much except the presence of
small peaks corresponding to LiBi phase which suggested further decomposition of LiBH4 in
a small extent and corresponded to very small weight loss in the temperature range of 270 to
340°C. In the next step of reaction (heated up to 445°C) LiBH4 further reacted with Bi and
LiBi to form Li3Bi which can be clearly seen from the XRD spectra for the sample heated up
to 445°C. Further heating to 500°C didn’t change the XRD spectra, however, a weight loss
was observed in TG profile as well as a MS peak corresponding to H» evolution could be
seen. This step must be due to the remaining excess LiBH4, which directly decompose in to
Li, B and H> as reported in literature [86]. It is to be noted here that the weight ratio of LiBH4
and Bi,X3 was decided as 50:50 to keep the ratio almost same as that for electrode composite

material in our earlier report [58]. However, according to XRD results, less amount of LiBH4
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should be added to exclude the third step i.e. direct decomposition of LiBH4, which needs
high temperature (>450°C). The expected reaction according to the products (as evidenced
from XRD) can be written as:

12 LiBH4 + BixSes — 2Li3Bi + 3Li2Se + 12B + 24H»

To examine the above reaction, a new composite with above ratio was prepared in a
similar way and the decomposition pathway was evaluated using TG-DTA-MS. The
TG-DTA-MS profile (fig. 5-12) showed similar decomposition peaks, however, a significant
amount of diborane was obtained during first step reaction around 150°C. Since the diborane
evolution has been considered as unwanted due to the loss of reversibility, it was concluded
here that excess amount of LiBH4 was necessary to suppress the diborane evolution. This was
the reason other composites were continued with the 50:50 weight ratio of LiBH4 and Bi2X3
for further studies. Fig. 5-9 shows the XRD patterns for LiBH4-50 wt% bulk Bi>Ses
composite at different steps. The XRD pattern after first step desorption (235°C) could be
indexed by bismuth (Bi) and lithium selenide (Li>Se) phases. Near the melting point of
LiBH4 (280°C), a very small weight loss was observed, however, no significant change was
observed in the XRD profile for the samples heated up to 325°C. Further heating to high
temperature gave rise to Li3Bi phase as observed in the XRD pattern for the sample heated up
to 430°C. No further changes in XRD pattern were found on increasing temperature up to
500°C, which again confirmed the decomposition of remaining excess LiBH4. For the
understanding of dehydrogenation process of LiBH4-50 wt% bulk BizTes, the solid residues
at different heating stages were collected to get the XRD pattern and these are shown in fig.

5-10. Bismuth and lithium telluride (Li>Te) phases were the phases after the first step of
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dehydrogenation (250°C) that is obvious to observe due to the reaction between LiBH4 and
BixTes. The heating up to 330°C didn’t change the XRD profile at all. On high heating stage
i.e. second step desorption (XRD at 425°C), Li3Bi peaks were detected in addition to Li>Te,
indicating the further reaction between bismuth and unreacted LiBH4. Similar to the case of
Bi2S3 and Bi>Ses composites, further heating to 500°C releases hydrogen without changing

the XRD profile, which again suggested the decomposition of excess LiBHa.

5-6 In-situ TEM observation of LiBHs-nano Bi2X3 composites

To confirm the XRD results, in-situ TEM observation were made on LiBHs-nano BixX3
composites after milling and heating at various temperatures. A SADP (selected area
diffraction pattern) technique was used to identify the different phases in as prepared
LiBHs-nano Bi;X3 composites and the results were shown in fig. 5-13 to 5-18. Marked
positions (spots 1 and 2) by red color numbered circles were the selective aperture for TEM
analysis for different diffraction patterns. Fig. 5-13 shows the bright field images at different
spots with the corresponding diffraction patterns for as prepared samples after milling as well
as after heating at different temperatures. The diffraction patterns a, b, ¢, d and e are
corresponding to spot 1 as shown in the image. The phase identification and corresponding
d-spacing are summarized in table attached in fig. 5-13 (a) shows the diffraction pattern of
LiBH4-50% Bi2S3 nanostructures after milling at room temperature. The d-spacing confirmed
the presence of Bi2S3. However, it was difficult to find LiBH4 due to its instability under the
high energy electron beam. In addition to Bi>S3, Bi was also observed. The finding is in line
with the XRD results as shown in fig. 5-8, where the presence of Bi and Li,S was observed in

addition to the main phases of LiBH4 and Bi,S;. On heating the sample up to 50°C, in-situ
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TEM suggested the presence of LiBi and Li2S in addition to the Bi2S3 phase (fig. 5-13 b). The
formation of LiBi at this temperature is surprising as this phase was appeared only after
ex-situ heating at 340°C. Thus, it was believed that the high energy electron beam transferred
the energy to the composite and decompose LiBH4 to form LiBi. It could be confirmed from
the in-situ TEM experiment at 150°C (fig. 5-13 d) and 200°C (fig. 5-13 e), where the
diffraction pattern could be indexed by LiBi as well as Li3Bi phases. This LizBi phase could
be observed only at beyond 440°C (fig. 5-8) during ex-situ heating. On observing the TEM
images (fig. 5-14) and the respective EDS analysis, it was observed that LiBH4 and Bi»S3
were mixed completely after milling and it was difficult to distinguish them from the contrast
in TEM image. However, with heating, the Bi and S containing species were clustered into
small islands within the sea of boron containing species. Since the composites were very
sensitive to the electron beam, ex-situ study was performed for the other samples at higher
temperature. The samples were heated up to 450°C inside the TEM chamber, however the
electron beam was turned off during heating. After heating the sample, the sample was cooled
down to RT and the TEM experiments were performed at the same spot.

Fig. 5-15 shows bright field images of TEM corresponding to LiBH4-50% BixSes
nanostructures after milling (upper panel) and after heating (lower panel). The diffraction
pattern corresponding to spot 1 and 2 are shown in fig. 5-15 a and b respectively (see table
attached with fig. 5-15). At spot 1, the diffraction pattern could be indexed to Bi, Li>Se and
Bi>Ses;. The presence of BiSes as starting material was quite reasonable and in agreement
with the XRD results (fig. 5-9), whereas, the presence of Bi and Li>Se was observed only at

micro level, which could be caused due to decomposition by the electron beam during TEM

92



experiment. The diffraction pattern after heating up to 450°C (measured after cooling down
the sample to room temperature) could be indexed by Li>Se, LiBi and LizBi phases, which
confirmed the formation of LizBi and Li>Se and the decomposition of LiBH4. Similar to the
LiBH4-Bi2S3 composite, the same tendency of island formation was also observed here (fig.
5-16). The TEM micrographs and corresponding SAED patterns of LiBH4-50% Bi>Tes
nanostructures are shown in fig. 5-17. The composite after milling showed the existence of
BixTes phase. In addition, Li>Te phase could also be observed, which suggested the reaction
between LiBH4 and BioTes. It is in contrast to the XRD finding (fig. 5-10), thus it must be
caused by the electron beam during TEM measurement. However, according to the above
reaction the expected phase of Bi could not be detected. In TEM bright field images, the dark
color part represents the Bi and Te rich phases as confirmed from EDS analysis (fig. 5-18). In
the milled sample this dark color part exists as a lump with LiBH4 rich phase on its boundary.
On heating the sample to high temperature, LiBH4 started diffusing through Bi,Te; and
reacted with it. This reaction turned the initial lump of Bi and Te rich phase into several small
island floating in the boron rich phase sea. Thus, the reaction mechanism was found quite

similar for all the three composites.

5-7 Discussion and reaction mechanism establishment

On combining the TG, XRD and TEM results for these composites at each step of
dehydrogenation, it is clear that the second and third steps are quite similar for each
composite. The second step dehydrogenation was resulted from Bi and LiBH4 reaction which
promoted Bi — LizBi conversion, whereas the third step dehydrogenation was occurred due

to direct decomposition of excess LiBH4. The temperature and weight loss corresponding to
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first step reaction were found different for all the composites. The first step weight loss for
LiBH4 - BixS3 composite was much larger (~7.2 wt%) than what can be expected due to
hydrogen release only. Thus, it can be speculated that there must be some other gaseous
species which were lost during the reaction. There are two possibilities which can take place
during this reaction: (i) loss of sulphur, as the melting point of sulphur is 115.2°C; (ii) loss of
H>S. Hence, it was difficult to decide the exact reason for this excess weight loss and making
it difficult to establish the reaction pathway for LiBH4-Bi2S3 composite. So, this composite
was kept on hold for a while and the other two composites were taken in to account. On
combining TG, XRD and TEM results for the other two composites based on Bi>Ses and

BixTes, following reactions for each composite can be suggested:

30LiBH4+BixSes — 3LixSe+2Bi+16LiBH4+8LiH+14B+24H> (1st step)
— 2Li3Bi+8LiBH4+4LiH +8B+18H> (2nd step)
— 8Lit6B+16H> (3rd step)
and
38LiBH4+BixTes =~ Li,Te+2Bi+25LiBH4+7LiH+12B+22.5H> (1st step)
— 2Li3Bi+17LiBH4+2LiH+8B+15H> (2nd step)
— 13LiH+4Li+17B+27.5H> (3rd step)

The above reactions are well fitted according to the weight loss as well as XRD results. As
per the analogy to these systems, sulphur should also react with LiBH4 to desorb hydrogen
from LiBH4 - Bi2S; composite. Sulphur cannot remain in the elemental form thus ruled out
the possibility of sulphur loss (first possibility for the larger weight loss in first step as

discussed above). Moreover, this was also confirmed visually after opening the TG chamber
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after first step reaction, where no sign of melting was observed. On the other hand, there is
equal possibility of forming H»S in addition to Li>S during the reaction of Bi»S3 with LiBHa.
However, no MS peak for H>S was observed during first step (fig. 5-1 and fig. 5-12). The
absence of HoS - MS signal might be caused by the decomposition of H>S in to H> and S
during the transfer of H>S gas from TG chamber to MS chamber through capillary, which was
kept at 200°C. Since H»S is unstable gas at high temperature and easy to decompose even at
room temperature in presence of metal catalyst [87],[88],[89] the above speculation is quite

reasonable to justify larger weight loss according to the following reaction:

24LiBH4+Bi»S; — 1.2Li>S+1.8H2S+2Bi+18.5LiBH4+3LiH+5.5B+7.5H; (1st step)
— 2Li3Bi+9.5LiBH4+3LiH +9B+16.5H> (2nd step)
—  9.5LiH+9.5B+14H; (3rd step)

It is clear from above that hydrogen desorption took place at significantly lower temperature.
The onset temperature for all the composites was found less than 100°C, which is quite
interesting for hydrogen storage application. On the other hand, it is much lower than the
operating temperature of coin cell (this must be the reason of coin cell opening during
electrochemical operation) in our previous work [58]. Thus, it can be concluded that such a
lower desorption temperature of these composites restricted the potential window and
affected the cyclic stability of these electrode materials drastically. To resolve this issue, these
composite materials should be operated at lower temperature for which LiBH4 should be
replaced by some other electrolytes which are capable to work at lower temperature. It can be
achieved by making composite of LiBH4 also, so that the high temperature phase of LiBH4

can be stabilized at room temperature [90]. This will prevent the thermochemical reaction
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between Bi2X3 and LiBH4 during electrochemical operation of coin cell and may enhance the

capacity as well as the cyclic stability further.

5-8 Summary

In summary, the present work clarified that nanostructures Bi»S; had not only shown
excellent properties for destabilization of LiBH4 at low temperature but also clarified the side
reaction appeared during their electrochemical charging-discharging in all-solid-state Li-ion
battery. The onset desorption temperature of LiBH4 was thermodynamically lowered down to
75°C by the addition of bulk Bi»Ss. A further reduction in the onset temperature 50°C could
be achieved by the use of Bi»S; nanoflowers due to kinetic enhancement. However,
reversibility could be obtained in case of Bi>Ses; and BixTes because no other gases except H»
has been evolved during heating. While in case of Bi>S3 other gases like HoS was suspected
to be desorbed during heating process. Considering reversibility, BioSes nanostructures had

shown the lowest decomposition temperature 60°C while adding with LiBHa4.
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Fig. 5-1: TG-DTA and MS profile of milled LiBHs — 50wt% bulk Bi2S3
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Fig. 5-2: TG-DTA and MS profile of milled LiBH4 — S0wt% bulk Bi:Se3
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Fig. 5-3: TG-DTA and MS profile of milled LiBH4 — 50wt% bulk Bi>Tes
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Fig. 5-4: FE-SEM & TEM images of Bi2S3 nanoflowers (a & b), SAED & HRTEM
images of nanoflowers (¢ & d)
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Fig. 5-5: TEM & FE-SEM images of BizSe3 nanosheets (a & b), SAED & HRTEM
images of Bi2Ses nanosheets (¢ & d)
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Fig. 5-6: FE-SEM & TEM images of Bi2Tes nanosheets (a & b), SAED & HRTEM
images of Bi2Te3 nanosheets (¢ & d)
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Fig. 5-7: (a) TG and (b) MS profiles of milled samples; (i) LiBH4 — 50 wt% Bi2S3
nanoflowers (ii) LiBH4 — 50 wt% Bi2Se3 nanosheets (iii) LIBH4 — 50 wt% BizTes
nanosheets

103



(C) MS P
+=—LiBH, - 50% bulk Bi,S, !
»
»—LiBH, - 50% nanoflowers Bi,S.§ { a %

i r.,h,‘ L]

Aii

e

Intensity (a.u.)
- okl

0 50 100 150 200 250 300 350 400 450 500
Temperature (°C)

(d) MS
LiBH, - 50% bulk Bi,Se,
> LiBH, - 50% nanosheets Bi,Se; %

Intensity (a.u.)

0 50 100 150 200 250 300 350 400 450 500
Temperature (°C)

Fig. 5-7: (¢) and (d) are MS profile for the comparison of nanostructures and bulk Bi2S3
and BizSes3 samples respectively mixed with LiBH4
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Fig. 5-7: (e) MS profile for the comparison of nanostructures and bulk Bi2Tes mixed
with LiBH4
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Fig. 5-8: XRD profile of samples after heated to various temperatures with the same
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Fig. 5-10: XRD profile of samples after heated to various temperatures with the same
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Fig. 5-11: DTA profile of LiBH4-50wt% Bi2S3 composite with heating (downwards; endo)
and cooling (upwards; exo) profiles
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Fig. 5-13: TEM images (associated SADP) of LiBH4 - 50% Bi2S3 nanostructures (a) after
milling at room temperature (b) after heating at 50°C (c) after heating at 100°C (d) after
heating at 150°C (e) after heating at 200°C (Image a to image e, measurements are on
spot 1)
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Fig. 5-14: TEM Micrograph of LiBH4-50% Bi2S3 composite after milling and heating at
different temperatures. EDS profile was obtained from the position shown by the start
point of arrow
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Fig. 5-15: TEM images (associated SADP) of (a) LiBH4 - 50% Bi:Ses nanostructures at
room temperature on spot 1 (b) LiBHs4 - 50% Bi2Ses nanostructures at room
temperature after heating on spot 2
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Fig. 5-16: TEM Micrograph of LiBH4-50% Bi2Ses composite after milling and heating
at 450°C. EDS profile was obtained from the position shown by the start point of arrow
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Fig. 5-17: TEM images (associated SADP) of (a) LiBH4 - 50% Bi:Tes nanostructures at
room temperature on spot 1 (b) LiBHs4 - 50% Bi:Tes nanostructures at room
temperature after heating on spot 2
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Fig. 5-18: TEM Micrograph of LiBH4-50% BixTes composite after milling and heating
at different temperatures. EDS profile was obtained from the position shown by the
start point of arrow
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Chapter-6
Conclusions and Future work

In this thesis, the thermodynamic and kinetic tuning of LiBH4 and its composite with MgH»
was achieved by using additives.

The addition of KH to well-known 2LiBHs-MgH> reduced the decomposition temperature of
1t step reaction, however, no significant effect could be observed for the 2°¢ major step of
decomposition. An interesting phenomenon of eutectic melting through the formation of
KBHys as an intermediate was observed and a phase diagram was reported herein. The eutectic
composition for x(2LiBH4-MgH>) - (1-x)KH was assured to be x~ 0.45 using the
combination of differential scanning calorimetry and X-ray diffraction. The eutectic
composition was found to melt at ~79°C (Tmin) Which is the lowest melting temperature
reported for a complex borohydride-hydride mixture so far. This work suggests the new
possibilities to develop more complex hydride/borohydride systems to improve kinetic issues
associated with the hydrogen storage applications. Advancement in techniques to decrease the
decomposition temperature for on-board applications, while maintaining high hydrogen
capacity will be the future road map.

As a second part of this thesis, a thermodynamic alteration of LiBH4 was achieved by the
addition of Bi based chalcogenide materials. A systematic study for the decomposition of
LiBH4 at low temperature using Bi2X3 was performed, which is quite useful not only for the
hydrogen storage purpose but also for Li-ion battery application. The formation of Li»X and
LizBi was the thermodynamic driving force for this destabilization. The onset desorption

temperature of LiBH4 was thermodynamically lowered down to 75°C by the addition of bulk
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Bi2S3. A further reduction in the onset temperature could be achieved by the use of BixS3
nanoflowers due to kinetic enhancement. However, the formation of H>S during this reaction
was crucial in case of Bi2S3; addition which caused the loss of sulphur and thus the loss of
reversibility. From this point of view, the addition of Bi>Se; nanostructure was found more
beneficial which allow the H» evolution only (no other gaseous species e.g. BoHg) that can be
helpful to maintain the reversibility of LiBHs. The reversibility of these system will be
investigated in the future work. The establishment of reaction mechanism also enabled us to
understand the electrochemical operation of these composites. It is concluded that the high
capacity, observed in charging process in our previous work [62],[63] must be due to the
thermochemical reaction between LiBH4 and BiX3 at 120°C (speculated in previous work),
which generated the cracks in electrode material and resulted in the capacity decay during
within few cycles. This finding directed us to design the composite system in such a way that
it can be operated at room temperature to avoid the thermochemical reaction between

electrode material and electrolyte.
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