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Abstract

Ball-milled hydrogenated graphite and LiNH»+LiH are considered potential materials
for solid state hydrogen storage. The aim of this thesis was to investigate the use of
ball-milled graphite+LiNH»>+LiH composites as a potential hydrogen storage material.
This work investigates the structural and dehydrogenation properties of ball-milled
graphite and composites of 2graphite+LiNHy, LiNH>+1.2LiH and
2graphite+LiNH,+1.2LiH. Graphite was ball-milled under 3 bar H, for 8 h (180 rpm
and 280 rpm were performed) and 10 h (280 rpm). 8 h-milled graphite was further
milled with LiNH, at a molar ratio of 2:1 (graphite: LiNH;) for 2 h. LiNH, and LiH were
milled under 1 bar Ar for 3 h and 5 h, followed by the addition of graphite at a molar
ratio of 2:1 (graphite: as-milled powder) and milled for a further 2 h. Characterization
of the as-milled materials showed the formation of a nanocrystalline/amorphous
mixture in the composites. A higher ball-milling rotation speed led to a smaller

crystallite size for graphite.

Decomposition of the as-milled graphite was performed by heating to 950 °C at2 ° C

/min. Graphite milled for 10 h released 2.2 wt. % H, at onset temperature of 350 °C,
indicates the presence of C-H bond in the hydrogenated graphite. A large amount of
H, was released during the heating of graphite+LiNH,, as opposed to the release of
NH3 during the decomposition of as-received LiNH,. A sharp endothermic DSC peak
at 365 °C indicates a reaction between graphite and LiNH,. LiNH,+1.2LiH was
heated to 400 °C at 2 °C /min, and only H, was detected, with no NH3; or NH,. In-situ
XRD shows that Li;NH formed during the decomposition of the composite, but the

detailed reactions are unclear.



Dehydrogenation of 2graphite+LiNH»+1.2LiH was performed by heating to 500 °C at
2 °C /min. The onset temperature of hydrogen decomposition was reduced to 80 °C-
95 °C. Four hydrogen decomposition peaks appeared at 150 °C, 240 °C, 350 °C and
450 °C, four broad endothermic DSC peaks were also observed. In-situ XRD shows
the presence of Li;,NCN above 350 °C, with no Li,C, or LioNH detected. The
formation pathway of this new phase is not clear, but it presumably must involve a
reaction between graphite and a Li-N-H compound. The reactions below 350 °C are
believed to be due to LiNH, and LiH, but those above 350 °C are still unclear. As the
toxic compound Li;NCN forms after the dehydrogenation of graphite+LiNH,+LiH, its

use as a potential hydrogen storage material should be carefully considered.
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1 Introduction

1.1 Hydrogen as a fuel in future energy economy

Hydrogen is the most abundant element in the universe, and there is a significant
amount of hydrogen on the earth’s surface in the form of water and various
hydrocarbons. Hydrogen can be produced from water by electrolysis, but a significant
energy input is required. The reformation of hydrocarbons (Inc. fossil fuels) can

generate hydrogen; however the output gases often include CO..

Hydrogen can be an efficient and clean energy alternative in the future energy
market for it goes through a reaction with oxygen without any greenhouse gas
emissions (2 Hz (g) +O2 (g) =2 H,O (g)). In terms of hydrogen as a fuel, hydrogen
production, hydrogen storage and hydrogen distribution are three main fields to
develop and research (Edwards, Kuznetsov et al. 2007). And the biggest technical

challenge for transportation applications is hydrogen storage (Graetz 2009).

1.2 Hydrogen storage

1.2.1 Gaseous storage

Compressed hydrogen storage is one of the conventional ways in current hydrogen
industry. High pressure (700 bar) is required for storing hydrogen as a gas (O’'Malley,
Ordaz et al. 2014). This requires the materials of the tanks to have a very high tensile
strength, a low density and to not react with hydrogen or let hydrogen diffuse into it
(Nellis 2006). In terms of the hydrogen density, for compressed hydrogen, the

volumetric hydrogen density increases with pressure, while the gravimetric hydrogen



density decreases with increasing pressure. That means the increase of volumetric
density is sacrificed with the reduction of gravimetric density in compressed gas
systems. The gravimetric density decreases with increasing pressure due to the
increasing thickness of the walls of the cylinder. And the equation (cylinder capped

with two hemispheres) is as

follows (Zuttel 2004):

[oB

w Ap

do 2 y+Ap

Where d,, is the wall thickness, d, is the outer diameter of the cylinder, Ap is the

overpressure and  is the tensile strength of the material.

In future investment, material with higher tensile strength is to be developed. And
these days, a new kind of high pressure vessel is developed which may store 110 kg
at 70 MPa with a gravimetric density of 6 wt. % and 30 kg/m® volumetric densities.
This kind of high pressure vessel contains three layers: an inner polymer liner (a
hydrogen gas permeation barrier), over-wrapped with carbon-fiber composite (the
gas pressure load-bearing component of the tank), and an outer layer of an aramid

material capable of impact and damage resistance (Zuttel 2004).

As reported, the costs for a 700 bar compressed H, systems are $17 /kWh, carbon
fiber and components of the equipment accounting for over 90% of the cost
(Ahluwalia 2013). This is much higher than the ultimate cost target of DOE ($8 /kWh)

(Ordaz 2013).



1.2.2 Liquid storage

The energy density of hydrogen can be improved by storing hydrogen in a liquid state.
The volumetric capacity of liquid hydrogen is 0.070 kg/L, compared to 0.030 kg/L for
70 MPa gas tanks (Felderhoff, Weidenthaler et al. 2007). Liquid hydrogen is stored in
cryogenic tanks at 21.2 K at ambient pressure (Zuttel 2004). The simplest
liquefaction cycle is the Joule-Thompson cycle (Linde cycle). During this liquefaction
cycle, the LH; is produced by circulatory processes of cooling and compression. An
isenthalpic Joule-Thomson expansion occurs when the gas passes through a throttle

valve, and some liquid can be produced (Zuttel 2003).

However, the energy requirement for hydrogen liquefaction is very high; typically, 35%
of the heating value of hydrogen is required for liquefaction (Durbin and Malardier-
Jugroot 2013). Boil-off is also a problem which would lead to cost losses. It is very
easy for LH, to evaporate when it absorbs heat from the environment during delivery

and refueling (Zuttel 2004, Durbin and Malardier-Jugroot 2013).

Recently, cryocompressed hydrogen was considered to be a potential hydrogen
storage technology. Some practicable pressure vessels were produced in labs. The
one made by Toyota Prius reported that it may store 5.5 wt. % of hydrogen with a
volumetric capacity of 41.8 g-H,/L (Ahluwalia, Hua et al. 2010). However, $12/kWh
for manufacturing is quite expensive for large-scale production. The efficiency of this

tank (41.4%) is also lower than the DOE target of 60%.



1.2.3 Materials-based hydrogen storage

1.2.3.1 Metal hydrides

Hydrogen can react with many transition metals and their related alloys to form
hydrides at relatively high temperature. There are two possible methods to form
metal hydrides: direct dissociative chemisorption and electrochemical splitting of
water (Sakintuna, Lamari-Darkrim et al. 2007). Compare with compressed hydrogen
and liquid hydrogen storage methods, metal hydrides can be a very effective way to
store large amounts of hydrogen in a safe and compact way. Because the formation

process of metal hydrides is under moderate temperature and pressure.

MgH, is one of the most popular metal hydrides in research. Its theoretical
gravimetric density of hydrogen storage can be over 7 wt. % with the benefit of low
cost and good reversibility (Zaluska, Zaluski et al. 2001, Grochala and Edwards
2004). But there are also some disadvantages of MgH>, such as high temperature of
dehydrogenation process, slow desorption kinetics and sensitive with air and O

(Grochala and Edwards 2004, Imamura, Masanari et al. 2005).

1.2.3.2 Complex hydrides

The main difference between complex hydrides and metal hydrides is the transition
to an ionic or covalent compound upon hydrogen absorption (Zuttel 2003). The light
weight group 1, 2 and 3 metals such as Li, Mg, B, Al give rise to a large variety of
metal-hydrogen complexes (Shashikala 2012). Hydrogen in complex hydrides is

often located at the corners of a tetrahedron with B or Al in the centre (Zuttel 2003).



Hydrides complexes of borane, M(BH,), and M(AIH,4) are found to be stable and can
decompose at elevated temperature (often above the melting point of the complex)
(Zuttel 2004). NaAlH4 is one of the most popular material, which can reversibly
absorb and desorbs up to 4.2 wt. % hydrogen when it was mixed with 8 mol% CNT
(Pukazhselvan, Gupta et al. 2005). The highest gravimetric hydrogen density at RT
today is LiBH4 (18 wt. %), which desorbs 3 of the 4 hydrogens in the compound upon

melting at 280 'C, to form LiH and B (Orimo, Nakamori et al. 2007, Shashikala 2012).

Due to their high gravimetric hydrogen density and volumetric hydrogen density, the

borohydrides will attract more focus in future research.

1.2.3.3 Storage via chemical reactions
Hydrogen can be generated by reaction of metals and chemical compounds with
water. For example, Zn can react with H,O to form H, and ZnO. However, the poor

reversibility is a big challenge of this method (Steinfeld 2002).

1.2.3.4 Nanostructured materials

It is found that the carbon-based media is a kind of potentially inexpensive hydrogen
storage material. Substantial amounts of hydrogen can be stored on high surface
area (up to 3000 m?%g) activated carbons via physisorption, however, low
temperatures (~ 77 K) are required for this to take place. Graphite with a typical

interlayer distance of around 0.34 nm is believed to be too short to absorb hydrogen



molecules. However, nanostructured graphite with 0.6-0.75 nm interlayer spacing
has been proposed, via simulations, to potentially absorb up to 6 wt. % hydrogen
(200 K, 500 bar) (Patchkovskii, Tse et al. 2005). Ball milling was reported to be an
effective method of producing nanostructured hydrogenated graphite: ball-milling
under 10 bar hydrogen for 80 h resulted in the absorption of 7.4 wt. % hydrogen

(Orimo, Majer et al. 1999).



2 Literature Review

2.1 Carbon as a hydrogen storage material

Due to the increasing demand for fuel cells, the development of hydrogen storage
materials is now necessary. The current hydrogen storage materials such as Al-H or
Mg-H have quite high hydrogen storage capacity, but they all have their own barriers
(such as difficult synthesis process or high temperature for dehydrogenation), may be
not suitable for the practical manufacture and application. Carbon which is light and
can be supplied by industrial production was found to be a potential hydrogen
storage material (Dillon and Heben 2001). However, carbon on its own can only store
hydrogen by a physisorption mechanism, and consequently the storage capacity is
limited under practical conditions (such as temperature and pressure). There are four
kinds of carbon materials which are activated carbon, graphene, carbon
nanostructures and graphite.

2.1.1 Mechanisms

i Physisorption

Physisorption is an interaction between the substrate and the sorbate based on van
der Waals effects. During the process, the gas molecules are attracted to the
substrate surface by van der Waals attractive forces, but there is also a minimum
distance due to the van der Waals repulsive force. The minimum energy required to
keep the equilibrium of gas attraction and repulsion is 1-10 kJ mol™(Strébel, Garche

et al. 2006).

Due to the weak van der Waals attractive forces, there is a limit on the ratio of C to H

atoms. To estimate the maximum quantity of hydrogen adsorbed on the surface of a



solid, hydrogen molecules can be considered as adsorbing as a monolayer(Zuttel
2003), the theoretical surface area of carbon to adsorb 6 wt. % hydrogen (2010 DOE

target) is over 2600 m? g™ (Strébel, Garche et al. 20086).
ii. Chemisorption

Chemisorbed hydrogen with a strong C-H covalent bonding may increase the density
of packed hydrogen (Niemann, Srinivasan et al. 2008). It was found that hydrogen
molecules can react with graphite to form the dangling carbon bond by ball milling
under hydrogen atmosphere (Orimo, Majer et al. 1999). In chemisorption, each
carbon atom can be a site for one hydrogen atom to form a C-H bonding (Henderson,

McMichael Rohlfing et al. 1993).

Metal hydrides
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Figure 2.1 Different binding energies of different hydrogen storage materials (Strébel, Garche et al. 2006).

The C-H covalent bonding formed as a result of chemisorption is much stronger than
van der Waals forces from physisorption, which means that a higher temperature is
needed to release the chemisorbed hydrogen. Figure 2.1 gives a summary of the

binding energies of different hydrogen storage methods. It can be seen that chemical



hydrides (>100 kJ mol”) and methane (400 kJ mol™) have high enthalpies, which

require higher temperatures for hydrogen desorption

2.1.2 Activated carbon

Activated carbon is a kind of carbon material which contains graphite crystallites and
amorphous carbon, modified from synthetic carbon (Strobel, Garche et al. 2006). The
precursors of activated carbon are carbonized organic precursors which are treated
by dry distillation, and then activated by a thermal method (700-1000 Cin oxygen-
rich gases) or chemical method (500-800 'C with the existence of dehydrated

material, e.g. NaOH, KOH) (H. Marsh 2005, Strébel, Garche et al. 2006).

Physisorption is the main hydrogen storage mechanism for activated carbon. This
indicates that the hydrogen storage capacity of activated carbon is related to the
micropore volume of the material. However, only a small amount of hydrogen was
found to be stored in activated carbon at room temperature and moderate pressure.

(Strobel, Garche et al. 2006)

2.1.3 Carbon nanotubes (CNTs)

Carbon nanotubes were discovered by (lijima. 1991), and are believed to have
applications for electronic, catalytic action, hydrogen storage (Tan, Tan et al. 2012).
Single-wall nanotubes (SWNT) can be considered as a rolled-up single layer of
graphene (Fig 2.2) while multi-wall nanotubes (MWNT) are formed from rolling-up

multiple layers. Normally, the diameter of a SWNT is around 2-5 nm (Roy 2012), and



MWNT have inner and outer diameters which are around 1.5-15 nm and 2.5-30 nm,

respectively (Strobel, Garche et al. 2006).
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Fig 2.2 Schematic of the structure of a carbon nanotube (although note that the nanotube cannot actually be prepared by
‘rolling up’ a graphene sheet). (Strébel, Garche et al. 2006)

According to the different synthesis techniques used (Roy 2012) for the formation of

SWNTs, there are three different modalities (Fig 2.3): armchair, zigzag and chiral.

Fig 2.3 Three different SWNT structures: (a) armchair; (b) zigzag; (c) chiral (M. S. DRESSELHAUS 1995).
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As potential hydrogen storage media, CNTs were considered to absorb hydrogen
through physisorption and chemisorption (irreversible (Barghi, Tsotsis et al. 2014)). In
physisorption, hydrogen is stored in the inner space of the tube via Van der Waals
forces, and in chemisorption hydrogen can be adsorbed on the outer surface or the
inner surface of the metal-doped carbon nanotubes(e.g. Li-doped CNTs or K-doped

CNTs) via chemical bonding (Chen, Wu et al. 1999, Darkrim, Malbrunot et al. 2002).

The hydrogen storage capacity data of CNTs were summarized by Strébel, Garche et
al.in 2006, in which it shows that the high purity SWNT may absorb 8 wt. % hydrogen
at 80 K under a pressure of 7 MPa (Y. Ye 1999), and high purity MWNT with acid
treatment may absorb 13.8 wt. % hydrogen at 300 K under 10 bar (Chen, Shaw et al.
2001). After the CNTs were doped by Li or K, the hydrogen capacity of CNTs may
reach 20 wt. % at higher temperature (473 K - 673 K and <313 K, respectively) under
0.1 MPa (Chen, Wu et al. 1999, Yang 2000). However, these data have not been

repeated or obtained by other labs.

2.1.4 Carbon nanofibers (CNFs) and graphite nanofibers (GNFs)
CNFs are formed from carbon-containing gas and hydrogen or hydrocarbons with
metal catalysts. Normally, CNFs are 5 to 100 pym in length, with a diameter of 5-100

nm (Strobel, Garche et al. 2006).

The structures of CNFs are influenced by the shape of the metal catalyst and by the

ratio of the mixture of hydrocarbons and hydrogen, leading to different types of

morphology, crystallinity and shape. A carbon nanofiber consists of metal catalyst
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particles and graphite platelets (Goodman, Kelley et al. 1980, Nakamura, Hirano et al.
1989). It was also found that the form of the graphite platelet depends on the shape

of the small metal catalyst (1.0-2.0 m?/g) (Fig 2.4).

Figure 2.4 Scheme of three different structures of CNFs where the dark parts are the metal catalyst and the platelets are
mainly formed of graphite. a: tubular structure, b: deck of cards structure and c: herringbone structure (Nelly M.
Rodriguez 1995).

In terms of the hydrogen storage capacity of CNFs, it was deduced that high
hydrogen pressure can expand the interlayer distance of graphite platelets, which
means the hydrogen molecules or atoms can be stored inside the platelets (Park,

Anderson et al. 1999).

Chambers (Chambers, Park et al. 1998) reported that they got 23.33 L/g hydrogen
which is stored in herringbone GNFs and 12.98 L/g hydrogen stored in platelets
structured GNFs. However, these results have not been reproduced in other labs
(Strobel, Garche et al. 2006), and it is widely agreed that these exceptionally high
values are due to water contamination. Some other researchers also measured the
hydrogen storage properties of CNFs/GNFs, and only found <0.1-1.6 wt. % hydrogen

at room temperature under 10-12 MPa (Poirier, Chahine et al. 2001, Tibbetts,

12



Meisner et al. 2001, de la Casa-Lillo, Lamari-Darkrim et al. 2002, Hirscher and

Becher 2003).

2.1.5 Graphite as a hydrogen storage material

Graphite has been investigated as an attractive medium for storing hydrogen
because of its inexpensive cost and light weight (Ichikawa, Chen et al. 2004, Zhang
2009, Roy 2012). The interaction may be based on either physisorption or

chemisorption.

In terms of the unique platelet structure of graphite, which contains multilayers and
slit-shaped pores (Figure 2.5), the distance between the layers of a single-crystal
graphite was measured as 3.35 A (Aladekomo and Bragg 1990) for the distance
between the slit-shaped pores, slightly wider than the dynamic diameter of hydrogen
(2.89 A) (Chambers, Park et al. 1998). Owing to the weak bonding between the
platelets, hydrogen can be absorbed via multilayer formation when the expansion of

the interlayer occurs.

13



Figure 2.5 Graphite structure(Strobel, Garche et al. 2006).

However, researchers found that <3.5 A layer distance is not large enough for
hydrogen molecules to be absorbed (Strobel, Garche et al. 2006), and via
simulation(Patchkovskii, Tse et al. 2005), nano-structured graphite with a 0.6-0.7 nm
interlayer distance may absorb up to 5 wt. % hydrogen (250 K, 500 bar(external H,

pressure)) under ambient condition (Patchkovskii, Tse et al. 2005).

2.2 Nano-structured graphite by ball milling

2.2.1 Effect of ball milling

14



Ball milling was reported as an effective method to enhance the hydrogen storage
properties of graphite by modifying its structure (Chen, Fitz Gerald et al. 1999,
Welham, Berbenni et al. 2003, Zhang and Book 2011). It was found that the surface

area (BET Brunaer-Emmett-Teller area) of milled graphite under 300 kPa Ar can

Figure 2.6 The variation trend of BET area, internal and external surface area changed with the increasing milling time
of graphite powders, the graphite powders are milled using a Uniball mill under 300 kPa Ar (Chen, Fitz Gerald et al.
1999).

reach 589 m? g, which combines an external surface area 254 m?g™' and internal
surface area 335 m?g” (Chen, Fitz Gerald et al. 1999). Figure 2.6 gave the variation
trend of BET area of graphite milled for different milling times, which shows that the
external area decreased with the increasing of milling time while the trend of internal
area went to the opposite side after 75 h milling. It is supported by the generation of
nanopores inside the graphite (Chen, Fitz Gerald et al. 1999). However, as Figure
2.6 shows, the BET surface area of the graphite powder milled between 15-50 hours
decreased, this is believed to be due to agglomeration of the powders (Chen, Fitz

Gerald et al. 1999, Orimo, Majer et al. 1999).
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XRD measurements were used to analyse the structural changes in milled graphite
(Tidjani, Lachter et al. 1986, Shen, Ge et al. 1996, Chen, Fitz Gerald et al. 1999).
The (002) reflection peaks observed from 4h/8h milled graphite (10 g pure graphite
powder milled with a ball to powder weight ratio of 40, under dry Ar, planetary ball-
mill with a rotation rate 720rpm) were found to be asymmetric and broadened (Shen,
Ge et al. 1996). They were estimated as a combination of two components:
do02=0.340 nm was attributed to crystalline graphite, and dpp2=0.370 nm to lattice

defects (Tidjani, Lachter et al. 1986, Aladekomo and Bragg 1990).

The disordered graphite was also characterised using Raman Spectroscopy. In
Figure 2.7 (left) two Raman peaks were observed for both the as received graphite
(the initial graphite is not completely ordered) and the graphite milled under dry pure
Ar for different milling times: the G peak (around 1580 cm™) is related to the typical
crystal structure of graphite, and the D peak (around 1360 cm™) is due to defective
graphite (Aladekomo and Bragg 1990, Welham and Williams 1998, Chen, Fitz Gerald
et al. 1999, Reich and Thomsen 2004). The two peaks became broader when the
samples were milled for longer, and the height of the 1360 cm™ peak grows with
increasing milling time due to the increasing quantity of lattice defects. Figure 2.7
(right) shows the change in particle size for the graphite (the graphite powder was
milled with different milling times under 3 bar Hy) using SEM: it is shown that ball

milling can reduce the particle size of the as-received graphite.

16



Figure 2.7 Figure 2.7 Diagram on left is the Raman Spectrum of graphite milled for (a) Oh, (b) 4h, (c) 8h, (d) 16h, (e) 40h
(Shen, Ge et al. 1996); the one on the right is the SEM test of graphite: a as-received graphite, b 10h milled graphite
under 3 bar H,; c 40h milled graphite under 3 bar H, (Zhang 2009).

2.2.2 Hydrogen storage in milled graphite

It was reported that the graphite milled for 80 hours under 1 bar H, atmosphere,
stored 7.4 wt. % hydrogen (measured by oxygen-combustion hydrogen analysis
Elementar Vario-EL) (Orimo, Majer et al. 1999). The reason for this higher C-H ratio
is considered to be the formation of dangling carbon bonds by ball milling (Fukunaga,

Nagano et al. 1998, Chen, Fitz Gerald et al. 1999, Orimo, Majer et al. 1999).

When hydrogen is milled with graphite, two types of C-H bonding occurs (showed in
Figure 2.8) with interatomic distances of 0.11 nm and 0.18 nm, respectively (Orimo,
Majer et al. 1999, Orimo, Zuttel et al. 2003). According to the peak around 0.18 nm,

the interlayer distance of milled graphite under hydrogen atmosphere was calculated

17



as 0.36 nm, compared with the interlayer distance (0.34 nm) of graphite without
deuterium, it showed the host interlayer distance was expanded nearly 6 % by

adding hydrogen (Orimo, Majer et al. 1999).

Figure 2.8 RDF (r) spectrum of ball-milled graphite C-D (Orimo, Majer et al. 1999)

Ball milling increases the ratio of sp® bonding to sp? bonding in milled graphite (Itoh,
Miyahara et al. 2003). This is shown by the Raman spectra (Figure 2.9), with the
intensity of the D peak (peak generated by sp® bonding) increasing and the G peak
(peak generated by sp? bonding) decreasing, with increasing milling time. This has
been explained in terms of the crystalline graphite structure transforming into
disordered or amorphous phases during ball milling (Orimo, Majer et al. 1999). TEM

has also been used to study microstructural changes during milling (Figure 2.10).
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Figure 2.9 Raman spectrum of milled graphite by different milling time under 3 bar H, and 280 rpm milling speed (Zhang
2009).

Figure 2.10 TEM patterns of (a) as-received graphite; milled graphite under 3 bar H, for (b) 10 hours; (c) milled graphite
for 40 hours (Zhang and Book 2011). Graphite milled for 40 hours was more disordered than the one for 10 hours and the
host graphite.

Zhang et al. milled graphite for different milling times under 3 bar H, and found that

graphite milled for 10 hours desorbs the largest amount of hydrogen after heating to
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990 °C (2 °C/min) in 0.5 bar flowing Ar (5.5 wt. %) without any other impurity gases
(Zhang 2009, Zhang and Book 2011). However, if the graphite was milled over 10
hours, methane was detected in the desorbed gas (Zhang 2009). Other researchers
also found that the microstructure of graphite and its hydrogen desorption properties
can be influenced by milling time, milling atmosphere pressure, and milling mode

(Orimo, Majer et al. 1999, Huang, Calka et al. 2007).

2.3 Hydrogen storage characterization of milled graphite by

different milling conditions

2.3.1 Milling time

As seen in the previous discussion (Section 2.2) about the structural changes and
phase transition, the longer the milling time for graphite (under dry pure Ar or Hy), the
more disordered and/or amorphous phases appear. However, the specific surface
area reduced when graphite was milled for more than 8 hours due to agglomeration
(Orimo, Majer et al. 1999), see Figure 2.11. It should be noted that agglomeration
occurs earlier in this sample which was milled under hydrogen (agglomeration comes
out after 8 h milling), compared with the sample milled under Ar in Figure 2.6
(agglomeration occurs after 15 h milling), which is supposed to be influenced by

different milling modes and sources of the as-received graphite.
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Figure 2.11 Specific surface area of milled graphite under 1 bar H, for different milling time (Orimo, Majer et al. 1999).

The hydrogen density in milled graphite increases with increasing milling time (Orimo,
Majer et al. 1999) (Figure 2.12), but this does not necessarily mean that the longer
milling time leads to an increased amount of desorbed hydrogen. Zhang and Book et
al. found that 10 hours would be the best milling time for hydrogenated graphite by
ball milling under 3 bar H,, for the highest mass loss (5.5 wt. %) of hydrogen (Figure

2.13) without any methane release during heating to 990 °C (Zhang and Book 2011).

21



Figure 2.12 Hydrogen density in milled graphite, the milling undergoes a pressure of 1 bar H2 under different milling time
(Orimo, Majer et al. 1999).

Figure 2.13 The total amount of gases (hydrogen and methane) released during heating in TGA-MS between 50-990 °C
from milled graphite under 3 bar H, for different milling time (Zhang and Book 2011).

2.3.2 Milling pressure
The effect of hydrogen pressure during milling on the properties of milled graphite

was investigated, and it was found that the intensity of the (002) XRD peak for
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graphite (Figure 2.14 (a)) decreased and broadened with decreasing milling pressure.
This suggested that the amounts of disordered graphite increased with the reduced
hydrogen pressure during milling (Chen, Ichikawa et al. 2003, Ichikawa, Chen et al.
2004). This is shown in the Raman spectra, which are shown in Figure 2.14 (b). The
peak around 1360 cm™ is associated with the D peak (Section 2.2.2), and becomes
more intense with decreased hydrogen milling pressure: therefore, more disordered
phase was produced under a lower hydrogen milling pressure (Chen, Ichikawa et al.

2003).

Figure 2.14 (a) XRD patterns and (b) Raman spectra of graphite milled for 2 hours under different hydrogen pressures
(Chen, Ichikawa et al. 2003) .
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2.3.3 Milling mode
It was reported (Huang, Calka et al. 2007) that the impact mode (Figure 2.15 (b)) of
ball milling is more effective than shearing mode (Figure 2.15 (a)) for its higher-

energy effect which was believed to create more defects in graphite.

(a)

Figure 2.15 Ball-milled graphite under shearing mode (a) and impact mode (b) (Huang, Calka et al. 2007).

The graphite after ball-milling by shearing mode can only absorb 0.6 wt. % hydrogen,
much smaller than the quantity of hydrogen (2.7 wt. %) absorbed by graphite milled
using an impact mode (Huang, Calka et al. 2007). However, the high-energy mode
also introduced contamination such as Fe or iron carbide (N. J.Welham 1998,
Ichikawa, Chen et al. 2004, Huang, Calka et al. 2007). Therefore, the materials of the
milling pot and milling balls should also be considered before experiments. Tungsten
carbide (WC) milling pot and milling balls were found as a good milling device with

less interference (Chen, Fitz Gerald et al. 1999, Zhang and Book 2011).

2.4 Addition of Li-based material in milled graphite

2.41 Milled graphite with the addition of LiH
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Composites of graphite and LiH with the molar ratio of CpanoHx: LiH (2:1), were
prepared by ball milling (Ichikawa, Fuijii et al. 2005). It was found that this composite
could reversibly store hydrogen for at least the first 5 cycles (at 350 °C under 8 h
vacuum (dehydrogenation) and 3 MPa H; (rehydrogenation)) (Figure 2.16) (Ichikawa,

Fuijii et al. 2005, Miyaoka, Ichikawa et al. 2009).

Figure 2.16 TDMS (dash line) and TG (dot line) test results of the composite of milled graphite and LiH after each
hydrogenation/dehydrogenation cycle (Miyaoka, Ichikawa et al. 2009).

However, the composite was only able to absorb/desorb 5 wt. % hydrogen at the first
two thermal treatments, the quantity of mass loss decreased with the increased
number of cycling (Miyaoka, Ichikawa et al. 2009). The reversibility of composite

graphite and LiH was attributed to the formation of Li,C, during dehydrogenation
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(Ichikawa, Fuijii et al. 2005, Miyaoka, Ichikawa et al. 2007, Miyaoka, Ichikawa et al.
2009) as the XRD diffraction peaks of Li,C, always disappeared after the composite

was hydrogenated but appeared after the dehydrogenation process (Figure 2.17).
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The limitation of the Can0Hx : LiH composite is that methane was detected in every
desorption cycle (Figure 2.18); it was thought that the methane was formed from the

reaction of C,anoHx and the decomposed Li,C, (Miyaoka, Ichikawa et al. 2009).

Figure 2.18 a: Gas chromatogram of the gases released during each rehydrogenation process of C,,,,H, and LiH
composite; b: the gas chromatogram of H, and methane from reference (Miyaoka, Ichikawa et al. 2009).

2.4.2 Milled graphite with the addition of LiBH,4

LiBH4 was investigated as a suitable hydrogen storage material because it contains
18.3 wt. % of hydrogen. It was found that bulk LiBH, is relatively stable and a high
temperature (>400 °C) was required to decompose LiBH,4 into LiH, B and H; (Ngene,

van Zwienen et al. 2010).
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Zhang, Bevan et al found that the onset temperature for dehydrogenation can be
reduced to 230 'C if they ball milled graphite and LiBH, (molar ratio: 2:1) for 2 h
under 3 bar Hy, lower than the onset temperature of hydrogen desorption from both
bulk LiBH4 and as-milled graphite (over 350 "C) (Zhang 2009, Zhang, Bevan et al.
2012). In total, 9.3 wt. % hydrogen was released after heating the ball-milled graphite

and LiBH4 composite (Zhang, Bevan et al. 2012).

2.5 Li-N-H composites

2.5.1 Synthesis of LiNH; and LiH by reactive milling of LizN

LisN was reported to be a reversible hydrogen storage material (Ping. Chen 2002),
with a 11.5 wt % theoretical gravimetric capacity of hydrogen. In practice, 9.3 wt. %
hydrogen (Figure 2.19) is absorbed for a molar ratio of 4:1 for H : LizN=4:1 (Ping.

Chen 2002, Gregory 2008), that follows the reaction:
LisN + 2H, — Li,NH + LiH + H, < LiNH, + 2LiH (1D

LisN exhibits two different structures, alpha-LisN and beta-LisN (Boukamp and
Huggins 1976). When LisN is heated to 473 K, the beta phase undergoes an
exothermal transition to the alpha (Beister, Haag et al. 1988). Although there was still
a small amount (2.5 wt. %) of beta phase present at 673 K, as this process is not
reversible after it was cooled down (Hugq, Richardson et al. 2007), it was believed that
beta phase LisN plays a significant role in the reaction of hydrogen absorbed by LisN
(Beister, Haag et al. 1988, Huq, Richardson et al. 2007). However, the effect and
mechanism of beta phase transition on hydrogen storage of LisN needs further

studies to be confirmed.
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Figure 2.19 The weight changes of Li;N during hydrogenation (Abs) and dehydrogenation (Des) processes; hydrogenation
was carried out in 3 bar H, with heating from 50 ‘Cto255°Cata heating rate 2 °C/min and maintained at 255 °C for 30
mins, in dehydrogenation process, the sample was cooled down to 50 °C before the sample chamber was vacuumed, and
then heated up to 195 °C until no further mass loss was detected (Ping. Chen 2002).

It has been proposed that Equation (1) involves the following two steps (Ping. Chen

2002, Ichikawa, Isobe et al. 2004, Palumbo, Paolone et al. 2008):
LisN+H, > Li,NH+LiH AH= —165Kk]/molH2 (2)
Li,NH + H, & LiNH, + LiH A H= —445k]/molH2 (3)

It should be noted that the enthalpy change (AH) of Equation (2) (-165 kd/mol Hy) is
much higher than that for Equation (3) (-44.5 kd/mol H), and it was shown that
Equation (3) can absorb and desorb 6.5 wt. % of hydrogen (Ichikawa, Isobe et al.
2004, Pinkerton 2005, Gregory 2008). Therefore, Equation (3) has been considered
to be of interest for hydrogen storage (lchikawa, Isobe et al. 2004, Pinkerton 2005,

Takayuki Ichikawa 2005, Gregory 2008, Palumbo, Paolone et al. 2008).
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2.5.2 LiNH.+LiH composite as a reversible hydrogen storage material

In the measurements of thermodynamic properties of a LiNH.+LiH composite,
ammonia was detected during heating (Ichikawa, Isobe et al. 2004, Pinkerton 2005).
This shows that Equation (3) does not occur in a single reaction, but via a series of

reactions.

2.5.21 Mechanism of LiNH; and LiH composite

In order to understand the mechanism of the reaction in Equation (3), Ichikawa, et al
heated as-received LiNH; from 50 °C to 400 °C by TG and monitored the released
gases during heating by MS, from which they found that ammonia desorbed with the
onset temperature of 300 °C (Figure 2.20) with a small amount of hydrogen detected
at the same time (Ichikawa, Isobe et al. 2004). XRD of LiNH, powder after heating to
500 °C (Figure 2.21), showed that LiNH was formed during heating (Leng, Ichikawa

et al. 2005).

Figure 2.20 TG-TDMS of as-received LiNH, under a heating rate as 5 °C (Ichikawa, Isobe et al. 2004).
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Figure 2.21 XRD pattern of LiNH, after heating to 500 °C in helium flow (Leng, Ichikawa et al. 2005)

According to the rapid reaction between LiH and ammonia (Equation (5))
(Ruckenstein 2006, Gregory 2008) and the decomposition of LiNH,, the reaction in
Equation (3) was proposed to occur in two steps (Ichikawa, Chen et al. 2004,

Ichikawa, Hanada et al. 2004, Gregory 2008):

2LiNH, — Li,NH + NH; 4)

NH; + LiH - LiNH, + H, (5)

i. Synthesis by ball-milling or powder-mixing

It was reported that in the reaction of Equation (5), the quantity of ammonia absorbed
by LiH depends on the contact between the two elements (Ichikawa, Hanada et al.
2004, Shaw, Ren et al. 2008). Ball-milling was found to be an effective method to
prepare the nano-structured LiNH»+LiH composite. The high energy mechanical
vibration reduced the particle size (Figure 2.22), changed the crystal structure of the
composite and increased the BET surface area of the composite (Ichikawa, Hanada

et al. 2004, Yao, Shang et al. 2007, Shaw, Ren et al. 2008, Varin, Jang et al. 2010).
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Figure 2.22 Crystallite sizes of LiNH, and LiH in the mixture by ball-milling and the BET area of the LiNH,+LiH composite
milled for different time (Shaw, Ren et al. 2008).

Figure 2.23 shows TGA and DSC for LiNH2+LiH composites that were milled for
different durations. The TGA diagram (Figure 2.23 (a)) shows that the milled sample
has a lower mass loss (5.5 wt. %) than the sample without ball-milling (8.1 wt. %)
(Shaw, Ren et al. 2008). However, the theoretical mass loss of hydrogen in Equation
(3) is 6.5 wt. %, which means the 8.1 wt. % gases released from the un-milled
sample included ammonia (Shaw, Ren et al. 2008). This was confirmed by DSC
measurement, by which they found an endothermic peak of melting LiNH, at 360 °C
(Figure 2.23(b)), with NH; released from the un-reacted LiNH, (Shaw, Ren et al.

2008, Varin, Jang et al. 2010).
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Figure 2.23 (a) The TGA analysis of milled and un-milled LiNH,+LiH composite, heating rate is 10 °C/min; (b) DSC
measurements on un-milled and milled LiNH,+LiH composite, heating rate is 1 °C/min (Shaw, Ren et al. 2008).

Therefore, ball-milling is an effective method to enhance the hydrogen storage

properties of LiNH,+LiH composites.

ii. The effect of milling time
Ball-milling up to 25 h can increase the specific surface area (SSA) of the LiNH,+LiH
composite (Figure 2.24), however, afterwards the SSA decreased slightly which was

considered to be due to agglomeration (Varin, Jang et al. 2010). As shown in Figure
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2.25, at least 4 hours milling time is required for an acceptably low ammonia

desorption level (Yao, Shang et al. 2007).
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Figure 2.24 SSA (specific surface area) of the LiNH,+LiH composite for different milling time (Varin, Jang et al. 2010).
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Figure 2.25 The ratio of the amounts of NH; to H, released from the LiNH,+LiH composite milled for different milling time
(Yao, Shang et al. 2007).
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It was also found that the SSA of the composite did not change a lot when it was
milled between 5 to 25 hours, and the same with the quantity of released ammonia

(Yao, Shang et al. 2007, Varin, Jang et al. 2010).

iii. Synthesis at different molar ratios

In the early research on the composite of LiNH; and LiH, 1:1 was the popular ratio for
the synthesis of the composite. However, ammonia still existed during the
dehydrogenation process. Ichikawa, Isobe et al found that the molar ratio of LiNH,
and LiH may influence the ammonia level, when more LiH was added in the
composite, less ammonia was released during the dehydrogenation process

(Ichikawa, Isobe et al. 2004).

1:1.2 was reported as the optimum molar ratio because it resulted in the lowest
activated energy (Figure 2.26 (a)), lowest ammonia and highest hydrogen level

during dehydrogenation (Figure 2.26 (b)) (Varin, Jang et al. 2010).

Figure 2.26 (a) The activation energy of the reaction of LiNH, and LiH (milled for 25 h) by various molar ratios; (b) The
amounts of NH; and H, released from the 25 hours milled LiNH,+LiH composite by different molar ratio (Varin, Jang et al.
2010).
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3 Aims

This work will investigate the hydrogen storage properties of a ball-milled
graphite+LiNH»>+LiH composite. In order to understand the hydrogen storage
mechanism of this ternary composite, the reactions and hydrogen storage capacity of
the binary composites will also be studied. Therefore, investigations of LiNH,, ball-
milled hydrogenated graphite and the composite graphite+LiNH,, LiNH>+LiH will be
undertaken, in an attempt to understand what reactions occur between the different
components. The hydrogen storage performances of these single material and binary
composites may give the reaction evidences for the nature of three-phase composite.
The study of these composites will also be undertaken under different molar ratio and

O, content.
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4 Experimental Methods

4.1 Sample preparation

High-purity (>99.99%) graphite powder was purchased from Alfa Aesar (-325 mesh
powder size, synthetic, conducting grade). Lithium amide (purity 95%, hydrogen-
storage grade) and lithium hydride (purity 95%, -30 mesh powder size) were

purchased from Sigma Aldrich Ltd.

4.1.1 Milled graphite

A tungsten carbide (WC) milling pot (250 ml) (Figure 4.1), milling balls (10 mm
diameter WC balls) and a Retsch PM400 Planetary Ball Mill (Figure 4.2) were used.
Firstly, the as-received graphite was heated under vacuum (10 bar) in a furnace to
150 °C for more than 8 h. Then the dried graphite powder was loaded and sealed
into the milling pot with milling balls (mass ratio of ball to graphite is 14:1) in an Ar-
flowing glovebox. Milling was carried out in 3.0 bar hydrogen at 280 rpm. The
samples were milled for 8 h, with intervals of 15 min milling and 15 min waiting (to
allow cooling). The milling pot was recharged with H, whenever the pressure was

below 2.75 bar.
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4.1.2 Milled LiNH2+1.2LiH

As-received LiNH, and as-received LiH were mixed in a molar ratio of 1:1.2. In order
to mix the powder, it was loaded and sealed into the milling pot with milling balls (ball
to powder ratio 14:1) in an argon flow glovebox. Milling was carried out in 1.0 bar Ar
at 280 rpm. The powder was milled for two different milling times: 5 h and 3 h, both of

them were milled with 5 min milling and 5 min waiting for cooling down.

4.1.3 Graphite and LiNH; (Li3N)

As-received LiNH; (LisN) was mixed with 8-hour milled graphite at a molar ratio 1:2
and the mixture powder was loaded and sealed into the milling pot with milling balls
(ball to powder ratio of 14:1) in an argon flow glovebox. Milling was carried out in 3.0
bar H; at 280 rpm. The sample was milled for 2 hours, with 15 min milling and 15 min

rest to allow the sample to cool.

4.1.4 Composite LiNH+LiH+graphite

The milled LiNH»+1.2LiH powder prepared (see section 4.1.2) was mixed with 8h
milled graphite prepared (see section 4.1.1) at a molar ratio 1:2. The mixed powder
was loaded and sealed into the milling pot with milling balls (ball to powder ratio of
14:1) in an argon flow glovebox. The sample was milled for 2 h with 15 min milling

and 15 min rest (3.0 bar Hy, 280 rpm).

4.2 Sample characterization

4.21 X-Ray Diffraction (XRD)
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X-Ray diffraction was used to study the composition and microstructure properties of
blocks, powder or thin films, which is based on Bragg’s law. During the operation, a
monochromatic X-ray beam is firstly produced and struck on to the surface of the
samples at a Bragg angle (8), following the diffraction of the incident beam by the
atomic planes of crystalline sample. Then the diffracted beam is received by a
detector, which is moving at different angles (the reflections are observed only when
n is an integer); the d-spacing can then be measured. This is deduced from the
Bragg’s equation:
nA = 2dsin®

where n is an integral number, A is the wavelength of the incident X-ray beam, d

is the inter-atomic spacing, 0 is the Bragg angle which is the angle between the

incident beam and the planes of the lattice.

X-ray diffraction (XRD, Bruker D8 with Cu Ka=0.154 nm) (Figure 4.3) was used to

collect the diffraction data of as-materials and ball-milled samples over a range of 5-

90°.
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Figure 4.3 X-Ray Diffractometer (Bruker D8 with Cu Ka=0.154 nm)

For room temperature XRD detection, samples were loaded in an argon flow
glovebox, onto a sample holder and then sealed by a transparent silica dome to

avoid air contact.

In-situ XRD was used to study the compositional and microstructural changes with
temperature. An Anton Paar XRK900 cell, in which the samples were heated to
certain temperatures under helium flow (100 ml/min, 3.0 bar), was used. The
diffraction pattern data was collected isothermally when the sample reached the

target temperature.
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4.2.2 Differential Scanning Calorimetry (DSC)

A Netzsch "DSC 204 HP Phoenix" high-pressure DSC was used to measure the
thermodynamic properties of samples. In a heat-flux DSC, the reference and sample
are heated at the same power, the AT (difference of temperature) between the
reference and the sample is detected and converted to a AQ (difference of heat)
value using a heat flux equation. From this, the relationship between the enthalpy
change and the temperature and time can be represented. The apparatus is installed

inside an argon flow glovebox, to try to prevent contact of the sample with air.

4.2.3 Raman Spectrometry

Raman Spectroscopy is used to analyse the bonding types within the samples by
irradiating the sample with a monochromatic light from infrared to ultraviolet. The
incident light, which is generated by a laser, can form a short-lived “virtual state” by
exciting the electron cloud surrounding the nuclei. The “virtual state” is not a stable
state and can decay back to ground state or vibrational state with the emission of a
photon. Usually, there are two kinds of scattering depending on the difference of
energy between the emitted and incident photon, which is elastic scattering (Rayleigh)
and inelastic scattering (Raman). Raman scattering can also be divided into two
different types: stokes scattering and anti-stokes scattering, according to the energy
of the emitted photon. In stokes scattering, the emitted photon has less energy than
the incident photon because it is from the excitation of the ground state. It is mostly

observed at room temperature.
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A Renishaw InVia Reflex Raman Spectrometer (Figure 4.4) was used to perform the
measurements at a wavelength of 488 nm / 633 nm, the laser was focused through
x20 objective with a power of 2 mW, supporting a spot size of 20 um. Samples were
loaded into an Instec HCS621V cell in an argon flow glovebox to try to prevent

oxidation. All the Raman spectrum measurements were at room temperature.

RENISHAW </

inVia Raman Microscope

Figure 4.4 Renishaw InVia Reflex Raman Spectrometer

4.2.4 Mass Spectrometry (MS)
Mass Spectrometry was used to analysis the released gases from the samples
during heating in TGA. Mass Spectrometry works in four stages (ionisation,

acceleration, separation and detection), and scans a range of mass to charge (m/z)
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ratios. The specific m/z value can be monitored to analyse the relative quantity of
given gases. A Hiden Analytical Mass Spectroscopy HAL VII was used for this

measurement.

4.2.5 Thermal gravimetric analysis (TGA)
Thermal Gravimetric Analysis (TGA) monitors the change in sample mass with
respect to temperature. Mass Spectrometry (MS) was used to monitor the gases

desorbed from the sample during the experiment.

To account for the influences from the changes of temperature, gas buoyancy,
convection currents in the reacting system, a baseline (with no sample) is measured
before each measurement of samples. The baseline measurement is then subtracted

from each sample measurement.

The Netzsch TG209 was used to monitor the mass loss of the samples during
heating. Samples were heated from 30 °C to a pre-set temperature (400 °C, 650 °C
or 950 °C) at 2 °C/min. The TGA is installed inside a glovebox with 1 bar argon

flowing at 40 ml/min.
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5 Results and Discussion

5.1 Milled graphite

5.1.1 Characterization

51.1.1 Room temperature Raman spectra of as-received and milled graphite

Figure 5.1 shows the Raman spectra of as-received graphite. There are two main
peaks (G and G band) at 1572 cm™ and 2709 cm™ which are typical for
polycrystalline graphite (Tuinstra 1970, Zhang 2009). While the D and D" bands at
1352 cm™ and 1615 cm™, are due to defects within the graphite as a result of milling.
It is found that the intensity of the D band increases but the intensity of the G band
decreases with increased milling time (comparison of spectra ¢ and d) or higher
milling speed (comparison of spectra b and c). This is because a longer milling time
can introduce more defects into the graphite (Orimo, Majer et al. 1999). The results in
Figure 5.1 (b and c) indicate that a higher milling speed can also lead to more defects
being introduced into the graphite, which corresponds to the study of (Kano and Saito

1998).
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Figure 5.1 Raman Spectra of (a) as-received graphite; (b) and (c) 8 h milled graphite at a milling speed of 180 rpm and 280
rpm, respectively; (d) 10 h milled graphite; milling was under 3 bar hydrogen.

A method was introduced to analyze the crystalline size of graphite, which has been
referred to as the La value (Ferrari and Robertson 2000). La is the in-plane

correlation length of graphite and it can be estimated from the following equations:

% = %:‘) (La=2 nm) (1)
% =C@MLa? (La<2nm) (2)

where I(D)/I(G) is the ratio of the intensities of the D and G Raman peaks, C(A\)=4.4

nm (A=488 nm).

Table 5.1 In-plane crystalline size (La) of as-received graphite, graphite ball-milled for 8 h at 180 rpm and 280 rpm, and
graphite ball-milled for 10 h (under 3 bar hydrogen).

As-received 8 h milled graphite 8 h milled graphite 10 h milled graphite

graphite 180 rpm 280 rpm 280 rpm

BYGON 127.2 11.2 6.6 6.3
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Table 5.1 shows the La value of as-received graphite, 8 h milled graphite at two
speeds (180 and 280 rpm) and 10 h milled graphite. It is clear that a higher milling
speed and longer milling time result in a smaller La value, which suggests more
defects and a greater proportion of amorphous material. The obtained La value of as-
received graphite is smaller than the previous literature report (La=275 nm for the as-
received graphite) (Zhang and Book 2011), probably because the as-received
graphite are from different companies. However, the values of the milled graphite are

similar to the previously reported values (Zhang and Book 2011).

51.1.2 Room temperature XRD of as-received and milled graphite

Room temperature (RT) XRD was carried out on as-received and as-milled graphite
samples. Figure 5.2 shows the XRD patterns of as-received graphite and graphite
milled for 8 hours and 10 hours under 3 bar hydrogen at a milling speed of 280 rpm.
The (002) inflection peak located at 26.44° is found in as-received graphite. With
increased milling time, the (002) peak shifts position and becomes broader, which

agrees with the reports of (Shen, Ge et al. 1996, Orimo, Majer et al. 1999).
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Figure 5.2 XRD patterns of as-received graphite and milled graphite for 8 & 10 hours (3 bar hydrogen, 280 rpm), all the
measurements were performed at room temperature.

It was reported that the (002) peak can be influenced by two elements (Shen, Ge et
al. 1996), one would be from the relatively ordered graphite crystal (corresponding to
the G peak in a Raman spectrum) and another one would be introduced from defects
of graphite (corresponding to the D peak in section 5.1.1.1). The (002) peak position
shifted to 26.36° for the 8 h milled graphite, which is slightly lower than the peak
position for as-received graphite. This indicates that the graphite interlayer has

expanded during milling, which corresponds to the study of (Orimo, Majer et al. 1999).

5.1.2 Thermal Decomposition

In order to understand the thermal properties of the milled sample, the 10 h milled
graphite under 3 bar hydrogen was heated from 30 °C to 950 °C at a heating rate of
2 °C/min with Ar flow in TGA and the released gases were detected by mass

spectroscopy.
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Figure 5.3 Mass Loss (a) and Mass Spectrum (b) of the 10 h milled graphite under 3 bar hydrogen, heated at 2 °C/min
with an Ar flow (100 mi/min).

Figure 5.3 shows the desorption properties of 10 h milled graphite: nearly 2.15 wt. %
mass loss was obtained at the end of heating process. From the mass spectrometry
plot (black line b), only hydrogen was detected; no other gas was detected. This
corresponds with the results of (Zhang and Book 2011), but the quantity of released
hydrogen is much smaller than the previous result of 5.5 wt. %. This may be because
of the different source for the graphite or the different milling conditions. The onset
temperature of released hydrogen is over 350 °C, which is much higher than the
temperature for physisorbed hydrogen. The intensity of hydrogen in the mass
spectrum (black line b in Fig. 5.3) is still large until 950 °C, which indicates that some
hydrogen is still stored in the milled graphite and so may release at an even higher
temperature. Therefore, in fact, the hydrogen storage capacity of 10 h milled graphite
could be more, higher than 2.15 wt. %. (There is a sharp rise between 102 °C to

121 °C in Figure 5.3 a, which is caused by equipment deviation).
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Figure 5.4 in-situ XRD of 10 h milled graphite heated to 650°C from 30°C with a heating rate of 2 °C/min under helium
flow (100 ml/min); the colour is relative to the peak intensity, black means the minimum and red is the maximum.

In-situ XRD was also performed on 10 h milled graphite to find the lattice changes
during heating, the sample was heated to 650 °C with a heating rate of 2 °C/min and
helium flow. Figure 5.4 shows the in-situ XRD measurements of 10 h milled graphite
from 30 °C to 650 °C, the peak located at 26.42° corresponding to the (002) peak of
graphite, the peak position shifts continuously to lower 26 degree until 26.03° after
heating to 650 °C, which indicates that the graphite interlayer expanded. This is
consistent with the jEdit-Topas analysis of the lattice parameters of the in-situ sample
which is shown in Figure 5.5, where the lattice volume slightly increases with

increasing temperature.
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Figure 5.5 The variation of lattice volume (+0.01 Ag) of 10 h milled graphite during in-situ XRD measurements, heated up
to 650 °C, 2 °C/min.

5.1.3 Discussion of the mechanism

According to (Zhang 2011), hydrogen atoms can combine with carbon atoms in four
steps (C*+H*—CH*; CH*+H*—CH,*; CHy*+H*—CHgs*; CH3*+H*—CH,4*). The first two
steps were considered to be the formation of dangling bonds between hydrogen and
carbon atoms, and the following two steps require a higher ball-milling input energy.
For the graphite milled up to 10 hours, only the first two steps were proposed to
occur, because only hydrogen was detected during heating (corresponding to Figure
5.3). The last two steps were reported to occur in graphite milled more than 10 hours

for there was methane released with hydrogen.

Milling is an effective technique to produce amorphous or nanocrystalline phases
within graphite. The increased ratio of D band to G band, shown in Figure 5.1,
suggests an increased ratio of sp> to sp? bonding. This may be explained by

hydrogen atoms being absorbed onto graphite edges and/or between the interlayers
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of graphite (Chambers, Park et al. 1998, Zhang 2009). Combined with the results in
Figure 5.2 showing the (002) peak shift after milling, this indicates that the interlayer
distance of graphite has been expanded. This may indicate that hydrogen can be

stored between graphite interlayers

From the results of the TGA-MS and in-situ XRD measurements (Figures 5.3, 5.4
and 5.5) the milled graphite desorbed hydrogen during heating with an increased
lattice volume and extended interlayer distance. The possible reason for the
expansion of interlayer would be thermal expansion. It may be that the hydrogen
absorbed on the edge is easier to desorb than that absorbed between the layers, as

less desorption energy would be required.

5.2 2Graphite + LiNH;

In order to understand the hydrogenation or dehydrogenation mechanism(s) of a
composite of LiNH,+LiH+graphite, it is helpful to know the hydrogen storage
properties of the as received materials and the mixture of LiNH,+graphite,
LiH+graphite and LiNH,+LiH. As the properties of graphite+LiH composite were
already discussed in Section 2.4.1, the dehydrogenation properties of graphite+LiNH;
composite will now be investigated. The as-prepared graphite+LiNH, composite was

milled for 2 h under 3 bar H, with a molar ratio of 2(8 h milled graphite) to 1(LiNHy).

5.2.1 Characterization
5.2.11 Raman Spectrum of as-received LiNH, and as-prepared

graphite+LiNH, composite
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Room temperature Raman spectroscopy was performed on as-received LiNH, and
as-prepared graphite+LiNH,. In Figure 5.6a, the D (1363 cm™) and G (1572 cm™)
peaks, correspond to milled graphite (Section 5.1.1). Because the graphite used in
the formation of the composite graphite+LiNH, (2:1) was first milled for 8 hours and
then milled with LiNH, for 2 hours, the total milling time for the graphite in the
composite is equivalent to 10 hours. This means that the influence of LiNH, on
graphite can be studied by comparing the experimental data of the composite
graphite+LiNH, with the data of 10 hours milled graphite. The La value the
graphite+LiNH, (2:1) composite was calculated using Equation (1) to be 24 nm,
which is much larger than the 6 nm value for 10 h milled graphite. This indicates that
the amount of disordered phases in the graphite reduced after milling with LiNH, for

two hours.

There is also a small peak at 1084 cm™ in graphite+LiNH,, which is not observed in
either the as-received LiNH; or the 10 h milled graphite. It may be induced by oxides,
but further analysis is needed to better understand this. A small peak appeared at
3655 cm™ in graphite+LiNH,, which is similar to the small peak at 3665 cm™ in as-
received LiNH.: a 10 cm™ shift in peak position is observed, but the reason for this is

currently unknown (this might be because of milling/stress).

Figure 5.6b is a higher resolution of the 3000-3600 cm™ section of Figure 5.6a, the
three main peaks in as-received LiNH, at 3262, 3314 and 3324 cm™ are not

observed in the graphite+LiNH, composite. The Raman spectrum of LiNH, has been
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reported to include peaks at around 3261, 3313 and 3326 cm’”’ corresponding to the
N-H stretching modes of the NH, ion (Bohger, Elimann et al. 1995, Anderson, Chater

etal. 2011).

Figure 5.6 a: Room temperature Raman spectrum of as-received LiNH, and composite of graphite+LiNH,; b: higher
resolution of the 3000-3600 cm™ section for as-received LiNH, and composite graphite+LiNH,.
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5.2.1.2 Room temperature XRD of as-received LiNH, and the composite of

graphite+LiNH

XRD for the 2 h milled graphite+LiNH, sample (Figure 5.7) shows reflections
corresponding to LiNH; and graphite. Except for a small peak at 33.7° which
corresponds to Li;O, no other peaks were observed. The appearance of Li,O shows
that the sample may be oxidized. The oxygen may have been introduced by the as-

received materials or during sample transfer and hydrogen charging processes,.

Figure 5.7 Room temperature XRD patterns of as-received LiNH,, 10 hours milled graphite and 2 h milled composite
graphite+LiNH,.

5.2.2 Thermal Decomposition

The thermal decomposition of LiNH; is shown in Fig. 5.8. The effect of graphite
addition was further investigated on the thermal decomposition of graphite+LiNH,
(2:1) composite in Fig. 5.9. TGA-MS measurement was performed on as-received

LiNH, with a heating rate of 2 € /min under Ar flow (100 ml/min) (heating range
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30 € to 400 € ). The composite of graphite+LiNH, (2:1) was measured under the

same conditions.

5.2.2.1 TGA-MS measurement of as-received LiNH;

Figure 5.8 gives the mass loss changes during heating in TGA (red line) and the
signals introduced by the released gases (blue and black line). It is clear that a large
signal of ammonia (blue line) is detected with an onset temperature at about 250 T ,
which is consistent to the results of (Pinkerton 2005). The signal of ammonia firstly
increases slightly until 340 °C and goes up dramatically to a peak temperature of
348.9 °C, following a short decline and then rising up again at 354.3 °C to 361.8 °C.
A small amount of hydrogen with a peak temperature of 345.9 °C was also observed
during heating which is shown as a black line in Figure 5.8. These results correspond

to those of (Ichikawa, Isobe et al. 2004) which were reviewed in Section 2.5.2.1.

As mentioned in Section 2.5.2.1, ammonia is released from the decomposition of
LiNH, with the formation of Li,NH. The small amount of hydrogen may come from the
decomposition of NHs. In total, 14.5 wt. % mass loss is achieved after heating (Figure
5.8 red line), and mostly as ammonia. According to the research of (Varin, Jang et al.
2010), the decomposition of LiINH, during heating can be divided into two steps by
the phase transition of LiNH, from solid state to liquid state. It is believed that NH; is
released relatively slowly when LiNH; is in the solid state comparing with when LiNH>
is in the liquid state. Therefore, under these conditions: the amount of hydrogen is
not estimated as the MS signal peaks are too small; and 3.0 wt. % and 11.6 wt. %

NH; is released from solid LiNH; and from liquid-state LiNH,, respectively.
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Figure 5.8 TGA-MS measurement of as-received LiNH,, the sample was heated from 30 °C to 400 °C at 2 °C/min, Ar flow
(100 ml/min).

5222 DSC, TGA-MS measurement of composite of 2 h milled graphite+LiNH
(2:1)

From the TGA-MS plot in Figure 5.9, 12.7 wt. % gases are released from the
graphite+LiNH; (2:1) composite, which are detected by MS to be NH3, NH, and Ha.
The NH, may be a fragment of the NH; mass spectrometry signal. By quantitative
analysis of the MS peak area data, the released hydrogen contributes 4.6 wt. % and

ammonia 8.0 wt. %.
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DSC was also used to measure the decomposition properties of the composite as
shown in Figure 5.9. There is a broad peak at 352.2 °C with a sharp peak at 365.8 °C:
this corresponds to the results of (Varin, Jang et al. 2010) which showed the melting

of LiNH..

XRD was performed on dehydrogenated (dehydrogenation was carried out between
room temperature to 400 °C) composite of graphite+LiNH; (2:1). From Figure 5.10, it
can be seen that the sample was partially oxidized, by the appearance of LiOH and
Li2O. Apart from graphite, only LiH is found in this XRD pattern. This is quite different
from the results of Leng, Ichikawa et al (Leng, Ichikawa et al. 2005) (shown in Figure
2.21), in which they measured the thermal decomposition of as received LiNH; and
found that only LioNH was left in the solid state. This difference could be due to the
addition of hydrogenated graphite and/or to the hydrogen stored in the milled

graphite.

Figure 5.10 Room temperature XRD pattern of 2graphite+LiNH,, after it was heated in an IGA from room temperature to
400 °C at 2 °C/min under vacuum.
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As discussed above, the amount of NH3 is reduced to 8.0 wt. % and hydrogen
increased to 4.6 wt. % after graphite is added. There could be three explanations:

1. reaction of NH3 and C. However, if the reaction NH3;+C=HCN+H, 1 occurred
then HCN should be found in by XRD. But no HCN is observed in Figure 5.10.

2. hydrogen still remains in the hydrogenated heated graphite.

3. some LiNH; powders are covered by graphite powder during ball-milling,
which reduces the activity of the LiNH,. This can be supported by the Raman
spectrum in Figure 5.6, no special peak for LiNH; is found in composite
graphite+LiNH; (2:1), the total mass loss is also smaller than for as-received
LiNH,. However, this is not a perfect explanation because it cannot explain

where the hydrogen comes from.

If the hydrogen is from the H atoms stored in the milled graphite, the mechanism of
thermal decomposition of the composite of graphite+LiNH, (2:1) would potentially

follow the reaction as below:

LiNH2 + 6 Ha (sol) - LiH + NHs?t + 5 Hat

This equation is established according to the new substances which are found in the

gas (Figure 5.9) and solid states (Figure 5.10).

As mentioned in Section 2.5.2.1, LiH can react with NH3 very fast. But LiH still exists

in the solid state after heating, and so it does not react with NH3; to form Li;NH.

Further studies are needed to explain which reaction(s) is occurring.
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5.2.3 Summary

The calculated La value shows that the interlayer distance of graphite is enlarged by
milling with LiNH,. No characteristic peak of LiNH; is found in the Raman spectrum
(Figure 5.6), which indicates that there could be some structural changes during

milling. However, no XRD evidence is found for the formation of new phases.

From the results of the thermal decomposition measurements, LioNH is not found
after heating graphite+LiNH, (2:1). In the case that only LiNH; in the composite
reacts during heating, Lio,NH should form after heating, but only LiH is found. This
reveals a reverse reaction of the Equation (5) in Section 2.5.2.1. Graphite may take

part in the reactions, but the mechanism is still not clear.

5.3 LiNH; + 1.2LiH

Composite LiNH,+1.2LiH is prepared in the same manner as the composite
graphite+LiNH; (2:1). The molar ratio of LiNH; to LiH (1:1.2) was selected for its low
NH3; emission which was discussed in Section 2.5.2.2. The LiNH,+1.2LiH composite
has already been studied as a potential hydrogen storage material by (Ichikawa,
Hanada et al. 2004, Yao, Shang et al. 2007, Varin and Jang 2011) (Takayuki
Ichikawa 2004, Yao, Shang et al. 2007, Varin and Jang 2011). However, the NH;
emission occurring during the dehydrogenation process leads to poor prospects for
reversibility in this system. The oxidation of LiH is also a barrier for the LiNH,+LiH
system and so for many other systems. It was reported (Varin and Jang 2011,
Yoshida, Yoshimura et al. 2011) that the addition of graphite can improve the

hydrogen storage property of the LiNH»+LiH system, reduces the amounts of
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released NH3 and protect LiH from oxidation by covering the LiH as a coating. Here
the hydrogen storage properties of the LiNH,+1.2LiH composite are studied, followed
by the characterization and thermal decomposition properties of the graphite-LiNH,-

LiH composite in the next section.

There are three types of LiNH,+1.2LiH composite, which are prepared under different
conditions. Two are milled for different milling times (3 and 5 hours) and as received
LiH (6 wt. %) is used as starting material. The third composite is milled for 5 h but the
starting material is changed to another batch of LiH which is less oxidised, in order to
find out the influence of the composition of the as received LiH on the LiNH»+1.2LiH

system.

5.3.1 Characterization

5.3.1.1 Raman spectrum of LiNH2+1.2LiH prepared by different milling time

and starting material
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Figure 5.11 Room temperature Raman spectrum of as-received LiH (low oxidation) (black line) and LiNH,+1.2LiH. Two
samples are milled for 3 (green line) and 5 hours (blue line), and a higher oxidation level LiH is used as starting material
which is shown as LiH (O,), another sample uses a lower oxidation level LiH and the milling time is 5 hours (red line). The
three ranges a, b, c indicate LiH, LiNH, and Li,O bondings, respectively.

Room temperature Raman spectroscopy was performed on as-received LiH (low
oxidation) and LiNH,+1.2LiH composites prepared by different milling conditions. For
as-received LiH, there is no obvious sharp peak in the Raman spectrum (Figure 5.11
black line) but a series of broad peaks are found in the range 390-2386 cm™ (Figure
5.11 a). These broad peaks are also found in both LiNH+1.2LiH (O2) (milled for 3
and 5 hours) and 5 h milled LiNH2+1.2LiH. The three composites show peaks around
3263 cm™, 3315 cm™ and 3325 cm™, as also observed in received LiNH, (Figure 5.6
b). These peaks correspond to the N-H stretching modes of the NH; ion (Figure 5.11

b).
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A small unknown peak located in range ¢ of Figure 5.11 is observed in all the
samples. This could be the stretching mode for Li,O, however no evidence has yet

been found from the literature to support this.

The Raman spectra of all the LiNH>+1.2LiH systems, suggest that no new phase is
formed by milling. In terms of the influence of the milling conditions, there is not much
difference between the 3 h and 5 h milled LiNH,+1.2LiH samples, which indicates
that milling time seems does not significantly affect the structure of the composite.
Actually, according to (Shaw, Ren et al. 2008), the particle size of the LiNHy+LiH
composite increases or decreases dramatically when it is milled up to 150 min, but
after 180 min the particle size remains the same (see Figure 2.22) (Shaw, Ren et al.
2008). Compare with the gently peak in range a of 5 h milled LiNH>+1.2LiH (O5), the
shape of the peak in range a of the 5 h milled LiNH»+1.2LiH which uses less oxidized
LiH is more sharp. It seems O, may lead to some changes in the composite.
However, further investigation is still needed.

5.3.1.2 Room temperature XRD measurements of LiNH,+1.2LiH composites

i The effect of milling time

As shown in Figure 5.12 (pink line), the as received LiNH; shows a sharp peak at
30.5°. A similar peak is also found in 3 h and 5 h milled LiNH,+1.2LiH composites,
but the peak positions shift to lower 208 values of 30.4° and 30.4°, which indicates the
graphite interlayer distance expanded after ball-milling. What is more, the peaks
located at 50.7° and 51.2° become broader after 3 or 5 h milling, as mentioned in

Section 2.3, which may suggest increased disorder and/or a reduced grain size.
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However, the difference in peak position and peak width between 3 h and 5 h milled

samples is not clear. This corresponds to the results of (Shaw, Ren et al. 2008).

ii. The effect of starting material

Two LiNH2+1.2LiH composites are prepared under the same milling conditions, but
one of them used oxidized LiH and another one used low oxidized LiH. In Figure
5.12, the XRD pattern of 5 h milled LiNH>+1.2LiH (O;) shows three substances:
LiNH,, LiH and Li-O. However, LioO was not found in the 5 h milled LiNH>+1.2LiH

composite.
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5.3.2 Thermal decomposition

In order to study the thermal decomposition properties of the three samples, TGA-MS
measurements were performed with the same heating rate (2 € /min), heating range

(30-400 °C) and Ar flow speed (100 ml/min).

Figure 5.13 Thermal desorption profile (a) and mass spectrum (b) of 3 h and 5 h milled LiNH,+1.2LiH (O,), 5 h milled
LiNH,+1.2LiH when they were heated in TGA from 30 °C to 400 °C with a heating rate 2 °C/min under Ar flow (100
ml/min).
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As shown in Figure 5.13b, only H, was detected by mass spectrometry for the three
samples, which means that the mass loss observed in TGA is all contributed by
hydrogen. Figure 5.13a gives the mass loss changes of the three samples during
heating. In terms of the 3 h milled LiNH+1.2LiH (O3), total 5.7 wt. % hydrogen
released after heating to 400 °C. From the mass loss data (the black line) of 3 h
milled LiNH.+1.2LiH (O2) in Figure 5.13a, the weight of the sample dropped
dramatically from 100 °C to 260 °C following a gentle decrease until 300 °C and then
a relative sharp decline between 300 °C to 400 °C. This is consistent with the MS
(mass spectrometry) data shown in Figure 3.15b (the black line), the first H, peak
was observed between 150 °C to 280 °C with a peak temperature at around 250 °C,
and the second one appeared between 300 °C to 400 °C with a peak temperature at
about 370 °C. In contrast, the 5 h milled samples displayed a similar desorption
profile but with a shorter time for the release of the hydrogen. The 5 h milled samples
stopped releasing at about 385 °C, but the one milled for 3 h released hydrogen even
over 400 °C. This is consistent with the DSC measurements shown in Figure 5.14.
As expected, the last endothermic peak of 3 h milled sample appeared 10 °C later
than the one in 5 h milled LiNH2+1.2LiH (O;) and continued until 400 °C. However,
the DSC data in Figure 5.14 showed that there are three endothermic peaks detected
in both LiNH>+1.2LiH (O2) samples milled for 3 or 5 h. As marked in Figure 5.14, the
samples milled for 3 and 5 hours have the same peak temperatures for the first two
endothermic peaks. However, the peak combined by the first two peaks in 3 h milled
sample is broader than in the 5 h milled composite, which corresponds to the results
of (Varin, Jang et al. 2010) who reported that the broadening of the DSC peak in a

LiNH,+LiH composite reduced with increasing milling time.
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Figure 5.14 DSC profiles of 3 h milled LiNH,+1.2LiH (O,) (black line) and 5 h milled LiNH,+1.2LiH (O,) (blue line), heated at
2 °C/min with Ar flow (100 ml/min).

As discussed by (Ichikawa, Hanada et al. 2004, Hino, Ichikawa et al. 2005), there
may be a two-step decomposition reaction. The first step is due to the decomposition
of LiNH,, Li;2NH and NHj3 are produced, and then the released NHj reacts with LiH
very rapidly to form LiNH, and H,. In the second step, the LiNH, produced in the first
step decomposes to LioNH and NH3, and the rapid reaction of emitted NH3 and LiH
occurs to produce LioNH and H,. These two steps repeat successively until no active

LiNH, and LiH phases remain.

In relation to the mass losses of the two 5 h milled LiNH»+1.2LiH composites, 6.2 wt. %
hydrogen was released from the composite containing less Li>O, which is higher than
the 5.3 wt. % obtained for the composite containing a larger amount of Li,O ("5 h

milled LiNH2+1.2LiH (O)"). However, the sample with larger amount of Li;O showed
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a lower dehydrogenation onset temperature (80 °C) compared with the onset
temperature of 100 °C (Figure 5.13a) for the sample without Li,O (see Figure 5.12

purple line).

The presence of Li;O in the 5 h milled sample reduced the amount of released
hydrogen. This corresponds to the results of (Varin, Jang et al. 2010), who found that
the existence of Li;O in the LiINH,+LiH system reduces the activation of LiH when it

was reacted with NH3; and weakened the decomposition process.

In-situ XRD was carried out on the composite of 5 h milled LiNH,+1.2LiH, to
investigate the reactions occurring during hydrogenation. XRD scans were collected
at selected temperatures. The sample was heated from room temperature to 400 °C
with a heating rate 2 T /min under helium flow (100 ml/min). The XRD patterns

detected at certain temperatures are displayed in Figure 5.15.
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The main peaks introduced by LiNH, and LiH all shift to lower 20 values with
increasing temperature, which is due to the lattice thermal expansion. According to
the XRD pattern observed at 340 °C, the peak located at around 30.2° develops into
two peaks, and the same applies to the peak around 50.7°. This is known to be the

formation of the Li,NH phase (Varin, Jang et al. 2010, Varin and Jang 2011).

Actually, the new phase may appear earlier than 340 °C, based on the shape of the
LiNH, peak located at about 50.7° already undergoing a slight change at 300 °C. It
can be deduced that LiNH would be produced at the beginning of the reaction, but
only single peaks are observed at 30.2° and 50.7°. It may be that the X-ray peaks for
LioNH are quite close to those for LiINH, and that just small amounts of LioNH is

formed before the temperature reaches 340 °C.

Two small peaks located at 26.1° and 26.5° are related to the sample holder which is
used for the in-situ XRD measurement, because neither shape nor intensity of these

peaks change.

5.3.3 Summary

As-received LiNH, decomposes into Li,NH, NH; and a small amount of H, with a
sharp decomposition peak of NH3 starting at about 270 °C. The results indicate that
the additional LiH may effectively react with the emitted NH3; from LiNH, to form H,. A

two-step reaction between LiNH; and LiH was suggested to explain the mechanism
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for the decomposition of the composite. Oxidation can be a significant barrier for the

quantity of released hydrogen.

5.4 2Graphite + LiNH, +1.2LiH composites

LiINH,+LiH composite and nano-structured graphite were both reported to be
potential hydrogen storage materials (Orimo, Majer et al. 1999, Orimo, Zttel et al.
2003, Ichikawa, Hanada et al. 2004, Shaw, Ren et al. 2008), but they all have their
own limitations. The major challenge of composite LiNH,+LiH is oxidation (Yao,
Shang et al. 2007), which "deactivates" the reaction between LiH and NH3;, reducing
the tendency of the composite to decompose. The addition of graphite to LiNH,+LiH
was studied by (Varin and Jang 2011), and they found that graphite may prevent LiH
from being oxidized by forming a coating on the surface of LiH. As graphite itself is
also an effective hydrogen storage material, a graphite and LiNH,+LiH composite

may offer improved de/hydrogenation properties.

The LiNH>+1.2LiH composite was investigated in two forms: oxidized LiH and non-
oxidized LiH. LiNH2+1.2LiH milled for 3 and 5 h which were studied in Section 5.4 are

used to form the new composite with 8 h milled graphite.

For simplicity, these composites are named: 2 h milled LLG(O2) (3+8), 2 h milled
LLG(Oy) (5+8) and 2 h milled LLG (5+8). The first two samples used oxidized LiH,

while the last one doesn't.

5.4.1 Characterization
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5.4.1.1

Figure 5.16 shows the

room

Raman Spectra of LiNH,+1.2LiH+2graphite composites

temperature Raman spectra of the

three

LiNH.+1.2LiH+2graphite composites. Only Raman peaks for graphite appear in

Figure 5.16. This could be because the LiNH, and LiH particles are covered by

graphite during ball milling, which leads to a weak interaction with the laser.

As shown in Figure 5.16, the graphite Raman peaks for the G and G’ bands, are

observed at around 1582 cm™ and 2663 cm™': D and D’ bands at about 1326 cm™ are

induced by defects. Detailed data from these spectra are given in Table 5.2.

Table 5.2 Raman peak positions and calculated La values of the three LiNH,+1.2LiH+2graphite composites.

Dband (cm™) | D’band (cm™) | Gband (cm™) | G’ band (cm™) | La value (nm)
2 h milled LLG
1326.2 1618.7 1585.3 2663.3 3.0
(O2) 3+8
2 h milled LLG
1328.4 1616.2 1580.3 2662.4 3.8
(O2) 5+8
2 h milled LLG
1326.2 1615. 1582.6 2661.8 3.1
5+8
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There are not many differences in peak positions between the three samples. The La
values (Section 5.1.1.1) for these samples are also listed in Table 5.2. For the
samples which used LiH (O3), LLG (O;) 3+8 shows a lower La value than for the LLG
(O2) 5+8. This indicates that in-plane correlation length of LLG (O;) 3+8 is smaller
than that for LLG (O2) 5+8. According to previous research on milled LiNHy+LiH
composites, the crystalline sizes of LiNH, and LiH in the composite reduce
dramatically during the first 180 min and then tend to gently decline (lchikawa,
Hanada et al. 2004, Shaw, Ren et al. 2008, Varin, Jang et al. 2010). For graphite, it
was reported that the particle size decreases just a small amount after milling for 2 h
to 10 h (Zhang 2011, Zhang and Book 2011). However, agglomeration can also
occur if the particle size is small enough, the larger particle size of 2 h milled LLG (O5)

5+8 would be the agglomeration of the particles.

Actually, the total milling time for graphite in the three composites is 10 h, which
includes 8 hours milling with hydrogen and 2 hours milling the LiNH»>+1.2LiH
composite in hydrogen. This means its La value can be compared with 10 h milled
graphite to see the effect of the addition of LiNH,+1.2LiH. As shown in Table 5.1, the
La value of 10 h milled graphite is 6.3 nm, much larger than the La values of these
three samples. This demonstrates that there is a significant decrease in the in-plane

crystalline size of the graphite, after the addition of LiNH>+1.2LiH.

54.1.2 XRD measurements of LiINH,+1.2LiH+2graphite composites

According to the room temperature XRD measurements shown in Figure 5.17, the X-

ray peaks for the starting materials LiNH,, LiH and graphite are all found in the three
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XRD patterns. It can be seen that there is a small peak for Li,O at 33.4° in 2 h milled
LLG (Oz) 5+8 (red line in Figure 5.17). Topas analysis estimates that the weight
percent of Li;O in 2 h milled LLG (O3) 5+8 is 2.5 wt. % and it is 0 in 2 h milled LLG

5+8. The amount of Li,O in 2 h milled LLG (O3) 3+8 is less than 2.5 wt. %.

Figure 5.17 Room temperature XRD measurements of the as-prepared 2 h milled LLG (O,) 3+8 (green line), 2 h milled LLG
(O,) 5+8 (red line) and 2 h milled LLG 5+8 (blue line).

5.4.2 Thermal decomposition
In this section, the thermal decomposition properties of the three samples will be
presented, and then discussed in two parts: the effect of milling time and the

influence of oxidation.
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Figure 5.18 Scheme of TGA-MS and DSC measurements of 2 h milled LLG (0O,) 3+8; sample was heated from 30 °C to
500 °C at a heating rate of 2 °C/min with Ar flow (100 ml/min) in all the measurements.

Mass spectrometry shows (black line in Figure 5.18) that the onset temperature for
releasing hydrogen is around 92 °C, following four hydrogen decomposition
processes which are marked as 1, 2, 3 and 4 in Figure 5.18. At the first stage, only
0.5 wt. % hydrogen was detected by TGA (red line in Figure 5.18), and there is no
distinct endothermic peak in DSC (blue line in Figure 5.18). The mass loss in the
following three steps is 1.7 wt. %, 1.8 wt. % and 0.5 wt. %, respectively. The total
mass loss of 2 h milled LLG (O) 3+8 is 4.5 wt. %. The second decomposition step
occurs between 170 °C and 310 °C with a peak temperature at 242 °C,
corresponding to a broad endothermic peak observed by DSC (Figure 5.18 blue line).
This is consistent with the first hydrogen decomposition peak in the composite
LiNH>+1.2LiH, shown in Figures 5.13b and 5.14. Therefore, it seems that the
hydrogen release during this step is from the reaction of LiNH, and LiH (Ilchikawa,

Hanada et al. 2004).
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The third decomposition step observed between 310 °C and 420 °C shows a peak
temperature at 360 °C. However, at this stage two endothermic DSC peaks are
detected (Figure 5.18 blue line), which suggests that two reactions took place in the
composite. The second endothermic peak in this stage is probably due to the melting
of LiNH, as the temperature corresponds to the melting point of LiNH, (380 °C).

However, the mechanism of the reaction at 360 °C is still unclear.

The fourth decomposition stage is observed after 420 °C with a peak temperature at
452 °C. Because it was found that no hydrogen was released after 400 °C in the
previous research (Section 5.3) for LiNH,+1.2LiH, so this stage could be induced by

the reaction of graphite with the generated products from the previous steps.

Figure 5.19 Scheme of TGA-MS and DSC measurements of 2 h milled LLG (O,) 5+8. All the measurements were carried out
from 30 °C to 500 °C with a heating rate of 2 °C/min under Ar flow (100 ml/min).
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2 h milled LLG (O) 5+8 shows a similar thermal decomposition process to 2 h milled
LLG (O2) 3+8: four decomposition processes are observed by TGA-MS, as shown in
Figure 5.19. These four stages started with an onset temperature of 95.5 °C. The
peak temperatures of the following two steps are both 10 °C lower than the ones in 2
h milled LLG (O3) 3+8. This might be influenced by a longer milling time, which would
increase particle time. However, the total amount of desorbed hydrogen is 3.9 wt. %,
which is lower than for 2 h milled LLG (O;) 3+8. 1.9 wt. % and 1.1 wt. % hydrogen
was released in the 2™ and 3" stage, respectively. Less hydrogen was released in
the 3" stage, compared with the LLG (O,) 3+8 sample. Therefore, the two reactions

during the 3" stage appear to be affected by milling time.

Figure 5.20 TGA-MS measurements of 2 h milled LLG 5+8. The sample was heated from 30 °C to 500 °C with a heating rate
of 2 °C/min under Ar flow (100 ml/min).

Figure 5.20 shows the TGA-MS data for the 2 h milled LLG 5+8 composite, which

consists of four hydrogen decomposition processes. A 14 °C lower onset
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temperature is observed in the TGA data, shown in Figure 5.20. There is the same
peak temperature in the 2" stage for 2 h milled LLG (O,) 5+8, but a 12 °C lower peak
in the 3" stage. As discussed before, the reaction in stage 2 is probably the reaction
of LiNH; and LiH. One of the reactions is probably the melting of LiNH,, and the other
is unknown. Therefore, it seems that oxidation retards a number of the reactions,
especially during the third stage, which leads to a higher reaction temperature and
dehydrogenation onset temperature. However, only 3.4 wt. % H; was obtained after

heating, which is less than the 3.9 wt. % for the oxidized sample.

Figure 5.21 shows the in-situ XRD measurements of the 2 h milled LLG 5+8
composite. At around 350 °C, the intensity of the main X-ray peaks of LiNH, and LiH
disappeared; meanwhile, some other new peaks appeared which are identified as

LioNCN. According to this, the whole heating process can be discussed in two parts.

The first part is between 25 °C and 350 °C. The intensity of the main X-ray peaks of
LiH disappear at around 300 °C, followed by LiNH,, whose intensity disappears at
around 350 °C. This shows that the LiNH, and LiH in the composite are already
reacted completely. The intensity of the X-ray peaks of graphite do not change much,
which indicates that the amount of graphite in the heated composite is not decreased
when the temperature is lower than 350 °C. Considering the TGA results shown in
Figure 5.20, graphite probably does not undergo any reaction below 350 °C. During
this range, only the reaction of LiNH, and LiH takes place. In Figure 5.20, the 3™
stage of hydrogen release contains two stages: the first is below 350 °C and is the

reaction of LiNH; and LiH or the melting of LiNH, (because LiH disappeared earlier

81



than LiNH,, so some more accurate measurements are still needed to confirm the
reaction); and the second is above 350 °C and is the reaction of graphite with Li-N

material, because no LiNH> and LiH remains.

In the second part, the temperature between 350 °C and 500 °C, it is clear to see that
the intensity of the LioNCN X-ray peaks increased, and the position of the graphite X-
ray peaks shifted to a lower angle. The formation of Li,NCN shows that carbon takes
part in the dehydrogenation reaction with Li-N material. If the reaction
LiNH.+LiH=Li;,NH+H>1 occurs, then Li,NCN would come from the reaction of carbon
and LioNH. However, the origin of the —CN bonding is quite complicated. Also, the
evidence for the presence of Li;NH is difficult to find in the in-situ XRD patterns, as its
main X-ray peaks are overlap with the X-ray peaks for LiNH,. Therefore, more

evidence to understand these reactions is still needed.
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Figure 5.21 In-situ XRD measurements of 2 h milled LLG 5+8. The sample was heated at 2 °C/min under helium (100
ml/min); the colour is relative to the peak intensity, black means the minimum and red is the maximum.
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5.4.3 Summary
According to the results presented in this section, the detailed dehydrogenation
reactions for the 2graphite+LiNH,+1.2LiH composite are still not clearly understood.

Therefore, further studies are needed.

However, it can be said that the four stages of hydrogen release can be divided into
two stages: the reactions of LiNH, and LiH first, followed by the decomposition of
hydrogenated graphite and the reaction of carbon and the Li-N material. Oxidation

may influence the dehydrogenation processes, but the exact reaction(s) are unclear.

The reactions occurring during dehydrogenation are quite complicated, with the
formation of Li;NCN which is known to be toxic (Down, Haley et al. 1978). It is difficult
to control the complicated reactions during dehydrogenation of these composite

samples, and there may be safety issues associated with dealing with Li,NCN.
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6 Conclusions

This work shows that the ternary composite of graphite+LiNH,+LiH can contribute
max 4.5 wt. % of released hydrogen, which is lower than the 6.2 wt. % for LiNH+LiH.
The new phase Li;,NCN formed during the decomposition of graphite+LiNH,+LiH is
known from the literature to be toxic, and so which may result in safety issues were it

to be used as a hydrogen storage medium.

Graphite was ball-milled under 3 bar H; for 8 h (two samples, milled at 180 rpm and
280 rpm, separately) and 10 h. Room temperature XRD and Raman scattering
showed that the longer milling time and higher milling rotation speed created defects
and amorphous phases in the graphite. Thermal decomposition measurements
suggest the presence of C-H dangling bonds, as the onset temperature for hydrogen
release is over 350 °C, which is much higher than the decomposition temperature for
hydrogen adsorbed via physisorption. This supports the results of Zhang and Book et
al (2011) (Zhang and Book 2011). Graphite milled for 10 h (3 bar Hy, 280 rpm)
released 2.15 wt. % H; when the sample was heated from 30 °C to 950 °C at

2 °C/min, no other gases were detected.

8 h ball-milled graphite under 3 bar H, was added to LiNH; in a molar ratio of 2:1
(graphite:LiNH;) and then milled for a further 2 h. TGA-MS showed that 4.6 wt. % of
hydrogen was released, with 8.0 wt. % of NH3;, when the composite was heated to
400 °C. LiH, graphite, LioO and LiOH were detected by XRD after this measurement.

However, the gases released during the decomposition of as-received LiNH, are
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almost only NHs. Therefore, this suggests that the release of hydrogen contained
within the hydrogenated ball-milled graphite reduces the quantity of released NHs.
However, further in situ measurements are needed in order to elucidate the reaction

pathway(s), leading to the formation of LiH and the emission of NH3 and H..

LiNH»+1.2LiH was ball-milled under 1 bar Ar for either 3 h or 5 h. Broadening of the
X-ray peaks with increased milling, suggests a significant decrease in the grain size
of the LiNH,. Three stages of decomposition during heating were shown by DSC:
melting of LiNH,; decomposition of LiNH;; and the reaction between NH3; and LiH.
This is consistent with studies by (Ichikawa, Hanada et al. 2004). In-situ XRD
measurements were performed to understand the decomposition pathway(s). LioNH
was found at 340 °C, which is the onset temperature of the third endothermic DSC
peak. However, NH; was not detected by TGA-MS, and H, release dramatically
increased above 150 °C. For the LiNH,+1.2LiH (less oxidation) composite milled for 5
h, 6.2 wt. % of H, released when it was heated from 30 °C to 400 °C, with no NH;

detected.

8 h ball-milled graphite was then mixed with LiNH,+1.2LiH at a molar ratio of 2:1
(graphite:powder), and milled for a further 2 h under 3 bar H,. TGA-MS showed a
hydrogen release of 3.4 wt. % to 4.5 wt. % during heating to 500 °C. In-situ XRD
showed the formation of Li,NCN, and the disappearance of LiNH; and LiH, when the
composite was heated to 350 °C. The expected decomposition products (Ichikawa,
Hanada et al. 2004, Miyaoka, Ichikawa et al. 2009) of the binary composites studied

previously, are LiH, Li,C, and LioNH. However, this work shows that graphite, LiNH,
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and LiH in the form of a ternary composite, exhibits different decomposition
behaviour. The DSC measurements of LiNH>+1.2LiH and 2graphite+LiNH2+1.2LiH
showed the same endothermic peak at around 240 °C, which indicates that this
should be a reaction involving LiNH, and LiH. For 2graphite+LiNH2+1.2LiH, two
hydrogen TGA-MS peaks correspond with three endothermic DSC peaks, suggesting
that LioNCN forms in different stages. However, it is not clear in detail, what reactions

occur between 350 °C and 500 °C.

In terms of the effect of oxidation, it was found that composites containing oxidized
LiH (LLG (O.) 5+8) released a larger quantity of H, in, but at a 10 °C higher onset
temperature (compared to LLG 5+8). Therefore, it is not clear whether the effects of
oxygen contamination in the LiH component are beneficial to the hydrogen storage

properties of the composite or not.
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7 Future Work

It is still necessary to understand the mechanism of the reactions between
hydrogenated graphite and LiNH,. This may be identified if isotopic exchange (D for

H) was carried out for the hydrogen absorbed into the milled graphite.

To determine the viability of the graphite+LiNH,+LiH composite as a potential
hydrogen storage material, its reversibility will also need to be investigated. IGA or
Sieverts-PCT measurements could be carried out to test the dehydrogenation and

rehydrogenation performance of the composite.

Finally, it is quite necessary to understand the mechanism of the formation of Li,NCN

during decomposition. Further in situ XRD, Raman and FT-IT measurements could

be useful in trying to elucidate the reaction pathways.
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