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Abstract

The present work reports a study of the effecthefformation of a nanostructure induced
by high-energy ball milling, compositions, and wai$ catalytic additives on the hydrogen
storage properties of LiNLiH and LiNH,-MgH, systems. The mixtures are systematically
investigated using X-ray diffraction (XRD), Fourigansform infrared spectroscopy (FT-IR),
scanning electron microscopy (SEM), differential arsting calorimetry (DSC),
thermogravimetric analysis (TGA), and a Siever{setapparatus.

The results indicate that microstructural refinatmgarticle and grain size) induced by ball
milling affects the hydrogen storage propertiesLiNH »-LiH and LiNH,-MgH, systems.
Moreover, the molar ratios of the starting constitis can also affect the dehydrogenation/
hydrogenation properties.

In the LiNH-LiH system, high-energy ball milling is applied ttee mixtures of LiNH and
LiH with molar ratios of 1:1, 1:1.2 and 1:1.4 Lifihe lowest apparent activation energy is
observed for the mixture of LiNiLiH (1:1.2) milled for 25 h. The major impedimantthe
LiNH »-LiH system is the hydrolysis and oxidation of Lihich causes a fraction of LiH to
be inactive in the intermediate reaction of NMHIH® LiNH »+H,. Therefore, the LiNkLIH
system always releases BJHas long as a part of LiH becomes inactive, due to
hydrolysis/oxidation, and does not take part inittermediate reaction.

To prevent LiH from undergoing hydrolysis/oxidatialuring desorption/absorption, 5
wt. % graphite is incorporated in the (LibHL.2LiH) system. The DSC curve of the mixture
does not show a melting peak of retained LiNiddicating that graphite can prevent or at
least substantially reduce the oxidation/hydrolysfsLiH. Moreover, compared to the

mixture without graphite, the mixture with graphgi'ows more hydrogen capacity, thus this



mixture desorbs ~5 wt.% AHwhich is close to the theoretical capacity. Tdystem is fully
reversible in the following reaction: LiNHLiH« Li,NH+H,. However, the equilibrium
temperature at the atmospheric pressure of hydrd@eh MPa H) is 256.8°C for
(LINH 2+1.2LiH) mixture, which is too high for use in ordyd applications.

To overcome the thermodynamic barrier associateéd the LiNHy/LiH system, LiH is
substituted by Mgkl therefore, the (LiINkR#+NMgH,) (n=0.55, 0.6 and 0.7) system is
investigated first. These mixtures are partiallynaerted to Mg(NH), and LiH by the
metathesis reaction upon ball milling. In this sysf hydrogen is desorbed in a two-step
reaction:  [0.5XMg(NH)+xLiH]+[(1-x)LiNH »+(0.5-0.5x)MgH]® 0.5Li,Mg(NH),+1.0H,
and 0.5L3Mg(NH),+MgH.® 0.5MgN,+LiIH+H,. Moreover, this system is fully reversible
in the following reaction: LIMg(NH),+2H,« Mg(NHy),+2LiH. Step-wise desorption tests
show that the enthalpy and entropy change of tisé riéaction is -46.7 kJ/mop-and 136.1
J/(molK), respectively. The equilibrium temperatated.1 bar His 70.FC, which indicates
that this system has excellent potential for ontboapplications. The lowest apparent
activation energy of 71.7 kJ/mol is observed fa timolar ratio of 1:0.7Mgkimilled for 25 h.
This energy further decreases to 65.0 kJ/mol whewt.% of n-Ni is incorporated in the
system.

Furthermore, the molar ratio of MghliNH is increased to 1.0 and 1.5 to increase the
limited hydrogen storage capacity of the (LiN.7MgH,) mixture. It has been reported
that the composition changes can enhance the hgdreprage capacity by changing the
dehydrogenation/hydrogenation reaction pathwaysvever, theoretically predicted LiMgN
is not observed, even after dehydrogenation at@0mstead of this phase,,Mg(NH), and

MgsN, are obtained by dehydrogenation at low and highmperatures, respectively,



regardless of the milling mode and the molar rafiddgH,/LiNH,. The only finding is that
the molar ratio of MgHLINH , can significantly affect mechano-chemical readiodnring
ball milling, which results in different reactionaghways of hydrogen desorption in
subsequent heating processes; however, the reactimduct is the same regardless of the
milling mode, the milling duration and their compms. Therefore, the (LINE#+0.7MgH,)
mixture has the greatest potential for onboardiegaipbns among Li-Mg-N-H systems due

to its high reversible capacity and good kinetiogarties.
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Solid state hydride

PCI/PCT: pressure-composition isotherm/pressureposition temperature curve

Peq plateau pressure

Milling modes and parameters

LESG6: low energy shearing mode with one magnetatléck position
IMP67: impact mode with two magnets at 6 and 7axklpositions
BPWR: ball-to-powder weight ratio

WD: working distance

Grain size calculation

L: mean dimension of the nanograin (crystallitednposing the powder particle
K: constant (1)
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: wave length

. position of the analyzed peak maximum

(2 ): instrumental broadening-corrected “pure” XRD lpeeofile breadth
B: breadth of the Bragg peak from the XRD scanthefexperimental powder
b: the breadths of Bragg peak from the XRD scarikefeference powder

FWHM: the full-widths at half maximum
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Hydrogen capacity estimated by the volumetric metho

P: the total pressure change af(Aa) during the test
m: weight of absorbed Hg)
Mu: molar mass of H(g/mol)
T: temperature (K)
R: gas constant (8.314J (mak)-1)

M: initial powder mass (g)
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1. Introduction

The industrialized countries rely heavily on fodsels. In fact 87% of the world energy
consumption in year 2003 was from fossil fuels #mel rest mainly comes from nuclear
power, hydro power, and burning of waste and wadthough energy consumption from
sustainable energy sources such as wind electacéyrapidly increasing (increased by a
factor of 5 from 1989-2003) the overall contributis only 0.11% [1-3].

We consume fossil fuels for a wide variety of mggs from heating our houses, cooking of
our food to transportation and manufacturing ofstomer goods - the list could be continued
and it is long and exhaustive. In fact almost ewaspect of human life in the modern world
is associated with the use of fossil fuels - theulteis an ever increasing energy consumption
caused by population growth and a general increakbéang standard. The world population
has been projected to increase from approx. 6liritoday to approx. 9 billion by year
2050 [1-3] and especially the explosive developneisia, in particular in China, requires
massive amounts of energy.

In order to support the growing demand for foigls new reserves needs to be discovered.
However, oil discovery already peaked in the 196t WO billion barrels being found and
have declined ever since. In 1997 only 6 billiomrélz of oil was found in comparison with
the production of 26 billion barrels [4-8]. Somegase will inevitably run out of fossil fuels,
although it may not happen in our lifetime duedtatively large reserves of natural gas and
coal.

Another issue which might become critical evenobefwe run out of fossil fuels is the
global warning issue potentially threatening tHe bf many people due to rising sea levels

and increasingly harsh weather conditions. Increpkavels of atmospheric GQ@riginating



from the burning of fossil fuels correlate with thcreasing global temperature [9-10].
Therefore, the emission of carbon dioxide @;Qhe main greenhouse gas from human
activities, is the most sensitive subject of a davide debate about energy sustainability
and the stability of global climate in the receaass.

A possible way of addressing both the global wagmissue and to keep a sustainable
energy supply after the fossil fuels have beenategdlis a gradual transformation of our
present fossil fuel based society to a hydrogeredasociety viz. a society in which
hydrogen is the primary energy carrier [11-14].

According to many studies in the scientific comimtyinve are now at the verge of a new
hydrogen age [15,16]. Energy is first produced fraanewable sources and stored in the
form of hydrogen. Hydrogen is transported and itisted to final applications such as
transportation, and electric power generationridustrial and residential use. The process is
shown schematically in Fig. 1-1.

Extensive research efforts are laying down thendiation of the next industrial revolution
in the application of hydrogen as the fuel of tbéufe. Some focus on contributions that
hydrogen can make to sustainable development [17-Q¢hers focus on hydrogen’s
potential to resolving environmental issues [20-22]

Recently, investigations of hydrogen storage systeave become important. As the studies
point out, there are still problems in the real@atof renewed hydrogen, but the market
supply and the cost of hydrogen do not impede ftiileeation of hydrogen in practical
applications. The biggest and the only roadblock @ing hydrogen commercially,

especially in vehicular applications, is the sterafjhydrogen [15, 16, 22-25].



1-1. Hydrogen storage methods for mobile applicatio

For on-board energy storage, vehicles need comipgitt, safe and affordable containment.
Modern cars are burning about ~24 kg of gasolineafoange of 400 km in a combustion
engine. To cover similar range, 4 kg of hydrogem r@meeded for an electric car with a fuel
cell [1, 15, 22, 26]. Since 4 kg of hydrogen haslime of 45 m at room temperature and
atmospheric pressure, a tank with considerablagéospace would be needed. This volume
corresponds to a balloon of 5 m in diameter, wheclhardly a practical solution for the
mobile applications.

Fig. 1-2 shows a comparison of the volume of &kgydrogen, which is required for ~400
km travel range for a modern electric car powergdalfuel cell, compacted in different
ways with the size relative to the size of a ca8][2As shown in Fig. 1-2, storage of
hydrogen is a critical challenge in mobile applicat

The most common hydrogen storage systems are figbsure gas cylinders, liquid
hydrogen in cryogenic tanks and solid state hydrakeshown in Table 1-1 [1, 22, 26]. With
the newly developed light weight composite cyliredetich support pressure up to 80 MPa,
the hydrogen volumetric density can reach ~40 Kg[26]. However, the concern in respect
to use of the pressurized cylinders is a probleme&slly in the regions with high
population. Liquid hydrogen is stored in cryogetdoks at -252C and ambient pressure.
The volumetric density of liquid hydrogen is ~71 kg’ [22]. Due to the low critical
temperature of hydrogen (-24Q [22], above this temperature hydrogen is gasedigs)d
hydrogen can only be stored in open systems taeptestrong overpressure, thus it results in

the thermal loss.
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Fig. 1-2 Volume of 4kg of hydrogen compacted in dérent ways, with size relative to

the size of a car [26]



Solid state hydrides which include metal/intermetand complex (chemical) hydrides are
characterized by the highest volumetric capacdias they do not suffer drawbacks as those
experienced by compressed and liquid hydrogen. igecaf the low pressures involved in
metal hydride technologies and the fact that tHease of hydrogen takes place via an
endothermic process, this method of hydrogen stoiaghe safest of all. Moreover, the
hydrogen released from a metal hydride is of vagh tpurity and therefore, can be used
directly to feed a PEM fuel cell [1]. It is cleanat hydrogen storage requires a major
technological breakthrough, and this is most likelyoccur in the most viable alternative to
compressed and liquid hydrogen, namely the stavdggdrogen in solids. The development
of new sold-state hydrogen storage materials cbhetdld a step change in the technology of

hydrogen storage and would have a major impacherransition to a hydrogen economy.

Table 1-1. Comparison of the major hydrogen storagenethods [1, 22, 26]

Volumetric density
Storage system 3 Drawbacks
(kg Hom™)

1) Safety problem since enormous

ressures are required
Compressed P g
2) Cost of pressurization
hydrogen gas ~40 _
3) Large pressure drop during use

under 80 MPa pressure 4) Hydrogen embrittlement of storag

1%

Tanks
Liquid hydrogen 1) Large thermal losses (open systef)
at cryogenic tank ~71 2) Safety
at 252°C (21 K) 3) Cost of liquefaction
Solid state hydrides ~80-160 None of above two




2. Solid state hydrogen storage

2-1. Basic concepts of solid state hydrogen storage

2-1-1. The metal-hydrogen reaction

Hydrogen-metal system can be generalized to s@ygeed, although numerous deviations
and exceptions to those generalizations can bedfoletal hydrides as candidates for
storage applications can be formed reversibly bgatinteraction of metals or intermetallics
with hydrogen at proper temperature and pressu@ding to the general reaction [23]:
M(s) + xH:(9) MHx(s)+Q (2-1)

where Q is the released heat during reaction.

2-1-2. The Lennard-Jones picture

The reaction between gas phaseaHd a metal surface is schematically illustrateBig. 2-

1 [26-28] where the one-dimensional Lennard-Jom¢sntial of atomic H and molecular,H

is shown. Far from the surface, two potentials saparated by the hydrogen dissociation
energy which is 218 kJ/mol H. AsHnolecule moving towards the surface will at soramp
feel a weak attractive force in the range of app@®20 kJ/mol H (van der Waals forces)
corresponding to molecular physisorption (pointnlFg. 2-1). If the molecule is moved
closer to the surface, the potential energy witkéase due to repulsion. At some point, the
potential energy of the Hmolecule will intersect with the potential energfythe H atom.
After this point, it is energetically more favoutalfor the two H atoms to be separated and
bonded to the metal surface rather than bondeddb ether. Hence dissociation will occur.
If this intersection is at a potential energy lartfen zero relative to gas phasg(point 2),

dissociation is said to be activated and the he§pbint 2 determines the activation barrier.



If the intersection is located at approximatelyozpotential energy, dissociation is said to be
non-activated (point 3). In the former case onky fitaction of H molecules with an energy
larger than the activation barrier will be abledigsociate. After dissociation the H atoms
find a potential energy minimum shown as pointHeaisorption) which corresponds to the
H atoms being bonded to the metal surface. If tid BHond is stronger than the H-H bond,
chemisorption is said to be exothermic. Likewisethk H-H bond is the strongest,

chemisorption is said to be endothermic.

2-1-3. Reaction mechanism

A schematic visualization of the interaction oflhggen with a metal is depicted in Fig. 2-2.
In contrast to Fig. 2-1 which was an energy repredmn, Fig. 2-2 shows all the individual
reaction steps including bulk processes. The faonatf the metal hydride can be divided

into the following elementary reactions [28-31].

Dissociation/adsorption: The first step is the dissociative adsorption pdirbgen on the
metal/hydride surface. This is shown as point Eign 2-2.

Surface penetration: From the surface the hydrogen atoms can pendtradethe sub-
surface (point 3).

Bulk diffusion: From the sub-surface, the hydrogen atoms cansdifiinto the bulk or from
the bulk and further in (point 4).

Hydride formation: Hydrogen atoms in the bulk (corresponding to adssblution) can

create a hydride nuclei which can grow to largedride grains by trapping of additional



hydrogen atoms (point 6). The formation of a hydrighase complicates the picture
somewhat since hydrogen diffusion can also takeeptlarough the hydride (point 5).

For dehydrogenation the process is the reverseaétion mechanism can be proposed on
the basis of the above reversible elementary @atiWwhen reviewing the hydrogenation/
dehydrogenation kinetic properties, the rate deteng step can roughly be divided into
two major classes; one is either a surface prosash as dissociation or bulk diffusion
mechanism limiting the overall kinetics and theestls a nucleation and growth mechanism
limiting the overall kinetics. However, the mechamiwhich determines the overall kinetics
has not been still understood well. Recently afagfforts have been devoted to improving
the slow kinetics of solid state hydrides. Amongvretrategies, the most promising results

are shown in the studies of catalysts and nanaisirel

2-1-4. The Van’t Hoff equation

The thermodynamic aspects of the hydride formafimm gaseous hydrogen can be
described by pressure-composition temperature (RGles, which is also called pressure-
composition isotherm (PCI) [1, 26]. An idealized PCurve is shown in Fig. 2-3 a). As
discussed previously, Hnolecule will dissociate on the surface of the ahatcording to
the dissociative chemisorption reactiop H2H and then H atoms will diffuse into the metal
lattice to form a solid solution {phase). As the concentration of dissolved H isdased, at
some pressure or composition, nucleation and grafvtine ordered hydride phasestart.
While the two phases, and coexist, the isotherms show a plateau, the lengtivhich
determines the amount of hydrogen that can be cstoegersibly with small pressure

variations. As the plateau is traversed by addingenand more hydrogen, thgohase grows



as the expense of thephase. In the pure phase, hydrogen pressure rises steeply with the
concentration. The two phase region ends in aatipoint T.. The dotted line in Fig. 2-3 a)
defines the limit of the two-phase coexistence aegon a PCT phase diagram. As
temperature increases plateau width decreases henglateau pressurmcreases. The
plateau pressure {§ strongly depends on temperature. The equilibmpressure (R) as a
function of temperature is related to the changesand S of enthalpy and entropy,
respectively, by the Van't Hoff equation [1, 26]:
InP, bR DS (2-2)

RT R
As shown in Fig. 2-3 b), a plot of In.fs. 1/T tends to be a straight line with the slope
equal to H and intercept (1/T=0) equal toS. The knowledge of enthalpy change is
important to the heat management required for kgdsiorage devices and is also a measure
of the strength of the M-H chemical bond [11,31heTentropy term corresponds mostly to
the change from molecular hydrogen gas to dissobadidl hydrogen. It is approximately
equal to the standard entropy of hydrogen (-130ni#l™) for all of the metal hydrogen
systems [11]. The Van't Hoff plot is a convenienaywto graphically represent hydride

thermal stability, especially to compare differsalid state hydrogen storage systems.
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2-1-5. Requirements for solid state hydrogen storagfor fuel cells on

vehicles

For stationary systems, the weight and volumehefdystem used for hydrogen storage is
not a key factor. However, for mobile applicatiossch as fuel cell electric vehicles (FCEV)
or hydrogen-fuelled (internal combustion) cars, dogegn storage system has to be compact,
lightweight, safe and affordable. In 1996, the in&tional Energy Agency (IEA) established
the “hydrogen storage task force” to search foouative hydrogen storage methods and
materials. The U.S. Department of Energy (D.O.Eyjlldgen Plan has set a standard for
this discussion by providing a commercially sigrafit benchmark for the amount of

reversible hydrogen absorption. Specially, the UC®partment of Energy (D.O.E.)
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introduced a number of targets for on-board hydnagjerage systems within the frame work
of its FreedomCar program [1]. Recently, the onrddeydrogen storage system targets have
been revised to reflect knowledge gained in hydnefgeled vehicles since the original
release of the targets as shown in Table 2-1. Antbage targets, the two criteria that are
most often considered are gravimetric and volurmoediorage capacities. These two criteria
have been developed using guidelines from the audostry that reflect consumers'
expectations about the performance of cars witleausing exceptionally large changes in
automobile design. Fig. 2-4 shows the gravimetmd aolumetric energy densities of
hydrogen stored using various storage methodsaritle seen that neither cryogenic nor
high-pressure hydrogen storage options can meet ntiieterm D.O.E. targets for
transportation application. It is becoming incregby accepted that solid state hydrogen
storage using ionic-covalent hydrides of light edents, such as lithium, boron, sodium,
magnesium and aluminum (or some combination ofetrements), represents the only

method enabling one to achieve the necessary geaivinand volumetric target densities.
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Table 2-1. D.O.E. Targets for Onboard Hydrogen

Vehicles [33]

Starge Systems for Light-Duty

2015 2015 | Ultimatg
Targeted factor
Old new new
System Gravimetric Density [wt.%)] [9] [5.5] [7.5]
(kWh/kg) (3.0) (1.8) (2.5)
System Volumetric Density [g/L] [81] [40] [70]
(KWh/L) (2.7) (1.3) (2.3)
System fill time for 5-kg fill [min] [2.5] [3.3] [2.5]
(kgH2/min) (2.0) (1.5) (2.0)
System cost [$/k 67
Y [$/kgt] 167] TBD TBD
($/KWhper) (2)
! 1 i | 1 1
150 H|Mg,FeH, -
— BaF’.eHg
chE H
R L aNi H,
I , MgH,
E) TiFeH : u LiH
= 100 ] u
%\ Mo, NiH, DOE 291|g\ target
[
Q
o~
Q
@ 50 5_000 |2 4000 1200 DOE 2010 target =
g oo .l 800 DOE 2007 target
E l." \‘500 ﬁ]rifss\”czﬁiggr LQ) e 5??. . Pr'eslsurized H2 (g) L
‘200 p [bar] ., in COIT)p[?;lF]a cylinders
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Gravimetric density [wt.% H,]

Fig. 2-4 Volumetric and gravimetric hydrogen stora@ densities of different hydrogen

storage methods [1]
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3. Complex hydrides

Group | and Il salts of [AlEl", [NH2] °, and [BH,] = (alanates, amides and borohydrides)
have recently received considerable attention ganpial hydrogen storage materials [34-40].
These materials have high hydrogen gravimetricitleag15, 27, 42] as seen in Fig. 2-4 and
Table 3-1. Thus, they would seem to be viable aatds for application as practical on-
board hydrogen storage materials. However, allhefs¢ materials are plagued by high
kinetic barriers to dehydrogenation and/or hydragem in the solid state. Traditionally, it
was thought that it would be impossible to reddmeharrier heights to an extent that would
give reaction rates that even approached those wioatid be required for vehicular
applications. Thus, until recently, complex hydsdeere not considered as candidates for
application as rechargeable hydrogen carriers. Tiigation has been changed by
Bogdanovic and Schwickardi [44], who show that aldeition of Ti catalyst to the complex
hydride NaAIH, made it reversibly release and take up 3.7 wt.%ydfogen under moderate
temperature-pressure conditions with an enhancdddiyg kinetics. This breakthrough has
led to a worldwide effort to develop doped alanaggpractical hydrogen storage materials,

which has been quickly expanded to include amidesb@rohydrides.

3-1. Li-N-H system

Lithium nitrides are considered to be one of tresthpromising hydrogen storage materials
that could achieve practical hydrogen storage au¢heir light weight, high theoretical
capacity (10.4 wt.% pJ and relatively low decomposition temperature .(agcompared to

MgH, [45-45]) [56-69].
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Table 3-1. Hydrogen storage properties of selectddgh-capacity hydrides [1, 15, 26, 27,

35, 38, 41-43]

Theoretical | Theoretical _
) ) Desorption
' maximum reversible
Hydride , , temperature range
H, capacity | H, capacity (OC)
(Wt.%) (Wt.%)
LiBH 4 18.4 ~13.8 ~470
Mg(BH )2 14.9 ~11.2 ~ 300
NaBH4 10.6 10.6 400-600
LiAIH 4 10.6 ~7.9 110-260
Mg(AlH 4)2 9.3 ~7.0 110-160
Li3N
. ' 10.4 ~6.5 150-280
(LINH 2+LiH)
MgH 7.6 7.6 300-400
NaAlH 4 7.5 5.6 229-247

Recently, Chen et al. reported thagNLican absorb and desorb hydrogen by the following 2
step reversible reactions [56, 70]:

LisN+H2« Li2NH +LiH (3-1)

Li2NH +H2« LiNH2+ LiH (3-2)

These two reaction steps correspond to a totaldgylr storage potential of 10.4 wt.%. H
While this maximum storage capacity has been detraird by several groups, its practical
application is limited since full desorption toshi from Li;NH (reaction (3-1)) requires

temperatures greater than 320n dynamic vacuum. Only reaction (3-2) is consédeto be
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suitable for a hydrogen storage system becausdattez reaction has a smaller enthalpy
change and still possesses a large amount of 6% W [71-92]. The desorption enthalpy
change of reaction (3-2) has been calculated te4ddes kJ/mol H [56, 70], but a recent
measurement [65] suggests that it might be -65/6a&dJH,, which is higher than the
previous theoretical value.

In spite of its potential for reversible storage6dd wt.% H for automobile applications,
there exists two critical barriers to the practigglization of these materials [57]. The first is
its high operational temperature for the hydrogbaogption/desorption. This barrier may
come from both thermodynamic and kinetic issue® 3écond is the release of N#uring
the desorption, which can be poisonous for the glettrolyte membrane of a conventional
PEM fuel cell, even at trace levels, so at presgeh the smallest release of ammonia in the
hydrogen gas cannot be tolerated in the system [1].

To address these problems, a lot of efforts haenllevoted to developing new strategies
such as i) partial substitution of Li by elemenithwarger electro-negativity such as Mg [74,
75, 77, 81-88], ii) search for effective catalyf9, 75, 79, 80] and iii) high energy ball
milling [1]. The first approach has been shown ¢oelffective in reducing the hydriding and
dehydriding temperature to around 200with a hydrogen pressure of 30 bars [83-86].
However, the second approach has not borne mudhyBteven though a wide range of
potential catalysts, such as Ni, Fe, Co, ¥TiCls, TiO,, Ti, Mn, MnGQ,, V, and \LOs, have
been investigated [58, 59, 75, 79]. The best remqears to show less tharf60reduction
in the peak temperature for hydrogen desorptionnvthe LiNH, and LiH mixture with and
without catalysts are compared [58, 59, 75, 79§ ird approach exhibits some promising

results, showing a decrease in the peak temperfiutbe desorption reaction from 350 to
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270°C without and with ball milling, respectively [589]. However, the dependence of the
hydrogen absorption/desorption properties of tiéHd and LiH mixture on the degree of
mechanical activation has not been systematicallgstigated and reported in the literature.

To date, few works have been dedicated to thg éddaping issue. Nevertheless, recently,
it has been shown that the release of;&h be prevented by high energy ball milling as
shown by Yao et al [59]. In spite of this, sevestiler groups [58, 70, 80] have reported the
presence of NElin the effluent gas from the LiNJLIH mixture. The discrepancy among
different groups has not been explained yet. Anasie is the mechanism of reaction (3-2).
It has not been clearly understood. Some repoggesi that LINH may directly react with
LiH to produce H according to reaction (3-2). Others propose thdg I evolved as a
transient gas by followed by reactions (3-3) and Y457-62]:
2LINH, « Li,NH+NH,  (3-3)

NH, +LiH « LINH,+H,  (3-4)
with the enthalpy change of +84 kJ/molhN&hd 42 kJ/molh, respectively.

In these reactions LiNHdecomposes into #NH and NH, and then the emitted NH
quickly reacts with LiH to form LiNH and H. The newly formed LiNKH decomposes again
and repeats the cycle of reactions (3-3) and (Bdgh successive reactions continue until
all LiINH, and LiH completely transform to iNH and H. It has been shown that reaction
(3-4) takes place very fast in the order of theroseconds. However, even with such high
reaction rates, escaping of Bfom the hydrogen storage system has been repartdd
used as the evidence to support the mechanismedeliy reaction (3-3) and (3-4). Several

recent studies have also provided evidence supgoi two-step elementary reaction
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mechanism. However, so far there is no direct exddeto support a two-step elementary
reaction mechanism.

Recently, another approach has been reported dgt<al. to improve the kinetic properties
and remove NElrelease [64]. They synthesizegMH hollow nano-spheres to decrease the
diffusion distance to nanometers and increase fgexific surface area. These hollow
nanospheres have diameters ranging from 100 torn#®Cand 20 nm shell thickness. In
addition, the specific surface area is 79%4gnand the crystallite sizes are about 15 nm. They
have shown that the desorption onset and peak tatape of the reaction (3-2) as measured
by Differential Scanning Calorimetry (DSC) is reddcto 179 and 23C, respectively.
Furthermore, they have reported that the activagimergy for the hydrogen absorption in the
reaction (3-2) is reduced to 106 kJ/mol due toltrge specific surface area and shorter
diffusion distance of the nanometric hollow struetun spite of the short diffusion distance,
this newly designed LNH hollow nano-spheres doesn’'t show significantigproved
hydrogen storage kinetics compared to the nanatsied (LINH+LiH) mixture processed
by the high energy ball milling. Therefore, the estigation of the main kinetic control
parameters will be critical to further improve hgden storage properties of (LiNH.iH)

system.

3-2. Li-Mg-N-H system

The kinetic and thermodynamic properties of Li-Nskstem require further improvement
for practical applications [56, 58, 59, 65, 70-8Uhe strongly endothermic nature of the
reactions mentioned above requires high operagmpeératures. To lower the temperature,

the thermodynamic properties of the reaction mesiniproved. Nakamori et al. [83-87, 93-
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96] noted that the dehydrogenation reaction of LiMidn be promoted by substituting Li
with Mg, which is the element with larger electrgagvity. Recent studies [69, 81, 82, 88,
89, 97-102] revealed that the Li-Mg-N-H ternary teys has improved thermodynamic
properties compared to the LiNIH system. It was found that 2LiN#VIgH, and
Mg(NH,)2/2LIH systems could reversibly store 5.5 wt.% & 180C by the following
reaction [83, 86, 87, 94, 96]:

LiNH, + 05MgH, ® 05Li,Mg(NH), +H, (3-5)

05Li,Mg(NH), + H, « 05Mg(NH,), + LiH (3-6)

After an initial dehydrogenation, the 2:1 LiNMMgH, mixture was transformed into a novel
phase with a suggested composition ofMd(NH).. In the subsequent rehydrogenation
process, this phase was hydrogenated to MgINlnd LiH, rather than the initial
LiNH,/MgH, mixture. Therefore, the reversible reaction isualty processed between
[Li,Mg(NH),+2H;] and [Mg(NH,).+2LiH] as described in equation (3-6). The heathaf
endothermic hydrogen desorption reaction measuwatifterential scanning calorimetry has
been reported to be 44.1 kJ/mo}, Hivhich is favorable for PEM Fuel Cell application.
However, the relatively high activation enerdy£ 102 kJ/mol) sets a kinetic barrier [84,
87].

Further efforts have been devoted to the compositidjustments for obtaining higher
hydrogen capacities. Leng et al. reported that tB®Ig(NH,)2/8LIH mixture
absorbed/desorbed reversibly 6.9 wt.% of hydrogeough the following reaction [Eq. (3-

7)]:[95]

. 4 1
Mg(NH,,), +§L|H « S Li;NH +=MgyN, +§H2 (3-7)

19



When the molar ratio of Mg(Npk to LiH was adjusted to 1:4, the hydrogen storage

capacity of the mixture was increased to 9.1 wt.asdshown below [Eq. (3-8)]:[97]
. 4 . 1
M(NH,), +4LiH « = LigN + ZMg;N, +4H, (3-8)

It indicates that the composition changes can mcthéhe hydrogen-storage capacity of the
Li-Mg-N-H system due to the change of dehydrogeméhiydrogenation reaction pathways.
Recently, a novel LINWMgH, system with a molar ratio of 1:1 attracted ouertibn due

to its higher hydrogen capacity and improved thetpmamics. Alapati et al [103]. first
predicted the thermodynamic feasibility of the d@ling reaction by first-principles

calculations based on density function theory (DFED. (3-9)]:
LINH, + MgH, ® LiMgN +2H, (3-9)

The desorption enthalpy change calculated is 29/md& of H at 0 K, which is an
acceptable value for on-board hydrogen-storage iGgtns. Further first-principles
calculations showed that the reaction between Libiitl Mg at a molar ratio of 1:1 might

be a multistep reaction as follows [EqQ. (3-10)]410

1 1
LiNH, + IVIgH2 ® EMg(NHZ)2 + LiH +EMgH2

1 1
® LiH +—Mg(NH,), +—Mg,H, + H
4 2277, WS 2 (3-10)

® 1LiH +1Li Mg(NH) +1Mg H +3H
5 4 2 27, P2 Ty e
® LiMgN +2H,
However, Osborn et al. found experimentally that tiNH,/MgH, (1:1) mixture milled for

3 h followed a new reaction pathways at Zxinstead of the originally predicted reactions
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in Equations (3-9) and (3-10), as described beBg: [3-11)]:[105]
. 1 . 1 1 .
LiNH,, + MgH, ® 2 Li,Mg, (NH); +-MgH, + - LiH +H, (3-11)
3

Although Lu et al [106]. reported that approximat8ll wt.% H, a theoretical value of
hydrogen desorption for the reaction in Equatio®)3was observed by means of thermo-
gravimetric analysis (TGA) from the sample millext 24 h, the effects of the co-product of
NH3 have not been eliminated, and hence the detaidroftural information of the solid
products need to be further ascertained. Unlike glevious investigations, Liang et al.
reported that four sequential reactions proceedatihg 36 h of ball milling and the

subsequent heating process for the LiRtgH, (1:1) mixture [Eq. (3-12)]:[107, 108]

LINH, + MgH,, %, 054 Y éMg(NHZ)Z + LiH +§MgH2

%%n?ﬁ %5/439)2@ LiH +%IVIg(NH2)2 +%MgNH +%MgH2 +% H,
Qo 1 .. 1 1 1 (3-12)
v, 959548 92%® ~LiH +° LigM(NH), +—MgNH +MgH, + H,

% %599 %0 %MggNz + +% Li,Mg(NH), +% LiH +§ H,

However, the ternary nitride product, LiIMgN, whialas predicted by Akbarzael et al. [104],
has not been obtained even though the sample veasdhep to 39TC. Therefore, the above
theoretical and experimental findings have notmedcan agreement on the dehydrogenation
reaction pathways of LiNMMgH, (1:1) system due to its complexity and sensitivity
experimental conditions, specifically ball millirgpnditions. Understanding the effects of

experimental conditions will be critical for detammg the reaction pathways.

21



4. Nanostructuring of solid state hydrides by mechaical milling

4-1. Thermodynamic and kinetic issues in solid stathydrides

Hydrogen storage in solid-state metal hydrides bbesen investigated extensively because,
compared with other technologies such as gas casipre or liquefaction, solid state
materials can store hydrogen at relatively low gmess and ambient temperatures as
mentioned earlier. Particular attention has focusedight element binary hydrides such as
LiH and MgH, and complex metal hydrides such as NaAIHAIH 4, LiBH4 and LiNH
because high capacity storage can be achievecesge tnaterials [1, 109]. However, there
are problems with high thermodynamic stability atow kinetics that must be addressed
before light element hydrides can be used for aardbdransportation applications as listed
in Table 3-1. Specifically, in contrast to the dellized metallic hydrides, the chemical
bonds in light-element based hydrides are predaedynaovalent or ionic [109]. These
bonds are often strong, resulting in unacceptabbgh thermodynamic stability and,
consequently, low equilibrium hydrogen pressuresaddition, the high directionality of the
covalent/ionic bonds in these systems leads tcelagivation barriers for atomic motion,
resulting in slow hydrogen absorption/desorptiamekics and limited reversibility [109-110].
Two primary approaches are being used to addnesthermodynamic constraints imposed
by the high bond strengths in light-element basgdriles. The first focuses on the
discovery of new single phase materials in whidmat substitution or alloying is used to
decrease the thermodynamic stability. That workoergasses a wide range of ternary and
guaternary compounds whose thermodynamic propeariese them potentially acceptable
as practical hydrogen storage media [93, 111]. Sdo®ond approach utilizes existing binary

and complex hydrides in combinations to form newmpounds or alloys upon
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dehydrogenation [112-121]. This approach can Ilowee overall enthalpy for
dehydrogenation, increase equilibrium hydrogen qunes and effectively destabilize the
component hydrides. Although alloy formation in thehydrogenated state can be used to
reduce the overall reaction enthalpy, this appradmés not remedy the problems of slow
hydrogen exchange kinetics in light-element basetlities.

To improve kinetic properties, a lot of effortsveabeen devoted to developing new
strategies. Generally two approaches have beenrstmwe effective in improving kinetic
properties on dehydrogenation/rehydrogenation i@actThe first approach involves
addition of catalysts, which has dramatically immo the rates of hydrogen exchange in
systems such as MgH45] and has enabled reversibility in NaAlR4]. The second
approach is related to nanotechnology. Nano-stredtmaterials have a lot of potentials in
hydrogen storage because of their unique featwrels as adsorption on the surface, inter-
and intragrain boundaries, and bulk absorptiorilpR, 123]. Nanostructured and nanoscale
materials strongly influence the thermodynamics kimetics of hydrogen absorption and
desorption by increasing the diffusion rate as wasllby decreasing the required diffusion
length. Specially, in contrast to bulk materialse hano-scale materials [124, 125] can offer
several advantages for the physicochemical reagtimuch as surface interactions,
adsorption in addition to bulk absorption, rapichekics, low temperature desorption,
hydrogen atom dissociation, and molecular diffusienthe surface. The intrinsically large
surface areas and unique adsorbing propertiesnaf meterials can assist the dissociation of

gaseous hydrogen.
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4-2. Nanostructuring of solid state hydrides

The nanostructuring process is one promising ckaeli of nano-technologies in the
hydrogen storage. Nanostructured materials (alderregl to as “nanocrystalline” or

“nanophase” materials) are single-phase or mubkisphpolycrystals with the grain sizes
from a few nanometers to 100 nm in at least onesdsgion [1, 126]. Recently, researches
have concentrated on nanocrystalline materialschviaire expected to find applications
based on their improved mechanical, magnetic, ahdrgoroperties. In a powder form,

nanostructured/nanocomposite means that each piasent in the individual powder

particle is in the form of grains with nanometeresiOne particle is one nano-polycrystal

A schematic representation of a hard sphere mafdah equiaxed nanostructured material
formed by only one kind of atoms is showed in Big.. Two types of atomic structures can
be distinguished: the crystallites (atoms represgbridy open circles) and the boundary
regions/intercrystalline regions (dark circles).eThtomic structure of all crystallites is
identical. The only difference between them is rtheiystallographic orientation. In the

boundary regions, the average atomic density, atdgeric spacing and the coordination
between nearest neighbour atoms deviates fromrtee im the crystallites and differs from
region to region. The presence of these two stractgonstituents (crystallites and
boundaries) of comparable volume fractions and wypical crystal sizes of a few

nanometers is crucial for the properties of nanstatiine materials. Generally

nanostructuring by ball milling introduces a vayietf defects, vacancies, dislocations,

stacking faults besides the grains and grain bauesla

24



Fig. 4-1 Schematic

distinguishing between crystallite (open circles) rad inter-crystalline regions (dark

circles) [126]
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These defects can raise the free energy of themystaking it accessible to formation of
thermodynamically metastable phases. Also, defeats lower the activation energy of
reactions limited by poor kinetics [1]. Therefotkee nano-structured materials are the best
and easiest solution to address both thermodynanaidinetic problem in hydrogen storage.
Numerous experiments indicate that in practicallysalid state hydrides, the kinetics of
both absorption and desorption can be improvedetuaing the grain size of the compound
[55]. An example for the improvement of absorptisrshown in Fig. 4-2 (a) for Mijli. It

can be seen that the bulk sample does not exmbpitsgnificant hydrogen absorption at
200°C, whereas the nanocrystalline sample absorbs bgdreelatively quickly. Fig. 4-2 (b)
shows an example of the enhancement in hydrogesrtesn for MgNiH,4. A reduction in
desorption temperature is found as the grain sfzéhe hydride is brought to nanoscale.
Zaluska et al. [127] reported the improvement efisaction kinetics by mechanical milling
in decomposition of NaAlld Therefore, nanocrystalline materials have properarkedly
different from their conventional crystalline coargarts and can be promising candidates

for hydrogen storage in solid state hydrides.

4-3. Nanostructuring process

High-energy ball milling is the only nanotechnologp-down approach for the synthesis
of nanoparticles. There are many different desigh®all mills, which can be used for
processing of advanced materials. In conventiordll mills (planetary or shakers), the
trajectories of grinding balls are rather chaofieg( 4-3). This creates a continuous and
erratic change of various mechanical modes of mglirom shearing to impact during the

same milling cycle. However, in the magneto-milhitBall-Mill Model 5, the trajectories of
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the balls are controlled by the magnetic field t#daby strong FeNdB permanent magnet
(Fig. 4-4). The milling mode can be then adjustednf shearing to impact by changing the
angular position of the external magnets, as shawig. 4-4.

Ball milling is a complex process which involveptimization of milling parameters to
achieve the desired product microstructure andeit@s. The important parameters are [1]:
(1) Milling mode

(2) Number of balls used for milling

(3) Milling speed

(4) Milling time

(5) Milling atmosphere

(6) Ball-to-powder-ratio

(7) Working distance (WD)

The above process variables are not completelypermtdent. For example, in Uni-Ball-Mill,
the milling mode depends on milling speed and wuagkdistance. Also, milling time

depends on milling mode and ball-to-powder-ratio.
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5. Objectives

In this thesis, nanostructured lithium complex figels are investigated to develop a
breakthrough material in the field of solid-statgliogen storage. The primary motivation
for studying Li complex hydrides is their potentadility to store large amounts of hydrogen.
However, there are still thermodynamic and kindiggriers to the practical utilization of
these materials. To address two critical barridhe present study investigates the
dependence of the thermodynamic and kinetic priggedf Li complex hydrides on their
chemical composition and degree of mechanical atitix.

To accomplish these objectives, the goal of eapltts outlined as follows.

5-1. Nanostructured lithium amide and lithium hydride system

5-1-1. Nanostructured (LINH,+LiH) mixture

In this study, the effect of ball milling and difent molar ratios of constituents Likildnd
LiH in the mixture are investigated systematicatlyexplore the role of nanostructure and
the influence of chemical composition on hydrogesaiption properties. In particular, the
role of LiH is studied in detail to understand tthesorption behavior of the mixture. The
relationship between the release of N&hd the partial contamination of LiH is also

demonstrated and discussed.
5-1-2. Nanostructured Li-N-C-H system

In the (LINH+LiH) mixture, LiH does not fully react with LiNFHbecause part of the LiH

becomes inactive, due to hydrolysis/oxidation. Thutarge amount of NHis emitted, and
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hydrogen capacity is lost. This study focuses on approaches employed to solve the
problems mentioned above:

1) The substitution of LiH by graphite in the raant2LiNH,+C® Li,CN,+2H,, proposed by
the theoretical model, is clarified and discussed.

2) The (LiNH+LiH) mixture with 5 wt. % graphite and the mectsamiby which it prevents
LiH from oxidation/hydrolysis and thus mitigategtescape of Niare investigated.

3) The equilibrium plateau pressure is investigataoreover, the enthalpy change of the
dehydrogenation reaction is estimated from the W&ioff equation to understand the

hydrogen storage properties of the (LipHiH) mixture with and without graphite.

5-2. Nanostructured lithium amide and magnesium hydde system

5-2-1.Nanostructured (LiNH »+nMgH,) (n=0.55, 0.60, and 0.70) mixtures

Research in this phase focuses on investigateghttrmodynamic and kinetic properties of
(LINH 2+nMgHy) (n=0.55, 0.60, and 0.70) mixtures:

1) The equilibrium plateau pressure as a functibtemperature is investigated; moreover,
the enthalpy change of the dehydrogenation readti@iso estimated from the Van't Hoff

equation and compared with the (Lib#LiH) system.

2) The role of nanostructure and the influence bénsical composition on hydrogen

desorption properties are systematically investigdlty comparing the apparent activation
energies as functions of the molar ratio of MtNH, and the degree of mechanical
activation.

3) Reversibility and reaction pathways at variemperatures are explored.
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4) Catalytic effects are studied by comparing theetic properties of the desorption

reactions.

5-2-2. Nanostructured (LiINH,+nMgH ;) (n=1.0 and 1.5) mixtures

The molar ratios of MghLINH, are increased further to 1.0 and 1.5 to increase t

hydrogen storage capacity because it has beentedptinat composition changes can
enhance the hydrogen storage capacity by chandiegdehydrogenation/hydrogenation

reaction pathways. Furthermore, investigationdeflall-milled LiINH-MgH; (1:1) mixture

by several research groups have shown differengdtefjenation processes. Therefore, the
main motivation is to understand the underlying n@@tsms of the chemical reaction

between LiINH and MgH with the two different molar ratios of 1:1 and 51

1) Hydrogen loss and phase changes during balingitire investigated as a function of

milling time and milling mode.

2) The correlation between mechanical ball millamgl the dehydrogenation reactions of the
LiNH»/MgH> (1:1 and 1:1.5) mixtures is studied.

3) Reversibility and reaction pathways are explaedarious temperatures.

4) The effect of chemical composition on the kiogiroperties is understood by comparing

the apparent activation energies of the two comgsun
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6. Experimental

6-1. Materials
6-1-1. Starting hydrides
95% pure lithium amide(LiNE) and 95% pure lithium hydride (LiH) and 98% pure

magnesium hydride (Mghifrom ABCR GmbH & Co.KG from were used in this $ie

6-1-2. Catalysts

A synthetic graphite (G) powder (particle size <8@) from Sigma-Aldrich and carbon
black produced as experimental batches from ColamBGihemical company were added in
Li-N-H systems. Nanometric Ni (n-Ni, 60.46fg) produced as experimental batches by
Vale Inco Ltd., 99.99% pure and ultra dry manga@iBsehloride (MnCL) from Alfa Aesar

were used for catalysts for Li-N-Mg-H systems.

6-2. Synthesis of nanostructure hydrides

6-2-1. Chemical compositions

In the Li-N-H system, the mixtures of LiNHLIH having the molar ratio 1:1, 1:1.2 and
1:1.4 were investigated. In the Li-N-C-H systeme tlollowing combinations of starting
materials were used:

(1) The mixtures of LINEC (graphite or carbon black) having the molaroratil

(2) The mixture of {(LINH+1.2LiH)+5wt.% Graphite}

In the Li-N-Mg-H system, the following combinati®wof starting materials were used:

(1) The mixtures of (LINk+NnMgH,) (n=0.55, 0.60, 0.70, 1.00 and 1.50)
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(2) The mixtures of (LINkH+NMgH,)(n=0.55 and 0.70) with 5wt.% n-Ni

(3) The mixture of {(LINH+0.70Mgh,) with 5wt.% MnC}}

6-2-2. Milling procedure

Syntheses of nanostructured hydrides were implegdeny controlled mechanical milling
(CMM) in the magneto-mill, Uni-Ball-Mill 5 manufasted by A.O.C. Scientific
Engineering Pty Ltd, Australia [1, 129]. In thisrpeular ball mill the milling modes with
varying milling energy can be achieved by using ametwo strong NdFeB magnets,
changing their angular positions and changing theber of hard steel balls (25mm in
diameter each) in a milling vial. Fig. A-1 showset up for a strong impact mode with two
magnets positioned at 6 and 7 o’clock, at the degtaof ~10 and ~2 mm, respectively, from
the milling vial (working distance — WD) and 4 hasteel balls in the vial (referred to
hereafter as an IMP67), while a set up for a lowrgy impact mode with one magnet
positioned at 6 o’clock at the distance of ~10monfrthe milling vial and 2, 3 or 4 hard
steel balls in the vial referred to LES6-2B, LES®-@& LES6-4B, respectively.

The ball-to-powder weight ratio (R) was ~40 and tbtational speed of milling vial was
~200 rpm. After loading with powder, an air-tighiilimg vial with an O-ring, equipped with
a pressure valve mounted in the lid, was always Bvacuated and then purged several
times with ultra-high purity argon (Ar) gas (99.99%urity) before final pressurization with
H,. The pressure of high purity hydrogen (purity 833%: Q< 2 ppm; HO< 3 ppm; CQ<

1 ppm; N< 6 ppm; CO< 1 ppm; THC< 1 ppm) in the vial was &y kept constant at ~ 600
kPa during the entire milling process. Througheh@re milling process the milling vial was

continuously cooled with an air fan. All the powdemndlings before and after milling were
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performed in a purged glove box under overpresstitegh purity argon (purity 99.999%)
in order to minimize any possible contamination misture or oxygen from air.
Additionally, pressure drops during milling werecoeded to estimate the amount of
hydrogen loss. A volumetric method was used toutale the amount of hydrogen absorbed
during milling. The details of calculation are given Appendix A-2. The composition of
powders and the processing parameters appliedgdoontrolled milling are summarized in

Table 6-1.
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Table 6-1 Composition of powders and Milling parameers

mode | Powder ratio | Balls Time (h)
. . 1,5, 10, 25,
LiNH,+1.0LiH IMP67 40 4
50,100
Li-N-H LiNH ,+1.2LiH IMP67 40 4 25
LiNH ,+1.4LiH IMP67 40 4 25
2LiINH,+C
(C: graphite or IMP67 40 4 25
_ carbon black)
Li-N-C-H
{(LiNH ,+1.2LiH)
+5wt.% G} IMP67 40 4 25
(G: graphite)
(LINH +nMgH,) 0.5, 1, 5, 10
IMP67 40 4
(n=0.55, 0.60 and 0.70 25
LiNH ,+nMgH
{(LINR 2 e 2 05, 1, 5, 10
+5wt.% n-Ni or MnC}} IMP67 40 4 -
. (n=0.55 and 0.70)
Li-N-Mg-H
0.5, 1, 5, 10
IMP67 40 4
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6-3. Analysis of powder morphology

6-3-1. X-Ray diffraction

The crystal structure of powders was charactenvitldl a Bruker D8 powder diffractometer
using monochromated CuKradiation at an accelerating voltage of 40 kV armiaent of
30 mA. One powder sample was simply placed on amiaum substrate and sealed with a
Mylar tape to prevent contact with air during XR€ass. However, since Mylar tape gives a
diffuse peak around 227° which superimposes a graphite peak, we decidedda home-
made environmental brass holder with a Cu platg&ovder support which was loaded in a
glove box filled with Ar. One powder sample was giynplaced on an aluminum substrate
and sealed with a Mylar tape to prevent contadh wit during XRD scans. However, since
Mylar tape gives a diffuse peak around=27° which superimposes a graphite peak, we
decided to use a home-made environmental brasghwaith a Cu plate for powder support
which was loaded in a glove box filled with Ar. Ugpand lower part of the environmental
holder is sealed through a soft-rubber O-ring aghténed using threaded steel bolts with
nuts. The scan range was from=21C to 9C¢ and the rate was P.2nin™ with a step size of
0.02. The nanograin size of phases was calculated fhr@broadening of their respective
X-ray diffraction peaks. Since the Bragg peak bewddg in an XRD patterns is due to a
combination of grain size and lattice strainssitustomary to use computing techniques by
means of which one can separate these two faclbes.separation of crystallite size and
strain was obtained from a Cauchy/Gaussian apptiom by a linear regression plot
according to the following equation [130]:

d*(2q) _ K/ d(2q)
tan® g L tang sing

+16€° (6- 1)
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where the ternK /L is the slope, the parameter L is the mean dimansiohe crystallite, K
is a constant»(l) and e is the so-called ‘maximum’ micro-strairal¢cilated from the

intercept), is the wavelength and is the position of the analyzed peak maximum. The

2

terma(29)= B 1- % (rad) is the instrumental broadening-correctedrépuXRD peak

profile breadth, where B and b are the breathsadians of the same Bragg peak from the
XRD scans of the experimental and reference powdspectively. They were automatically
calculated by the diffractometer software from thiéwidth at half maximum, FWHM. The
powder of the LaBcompound, the National Institute of Standards @edhnology (NIST)
standard reference materials (SRM) 660, was use@ asference for subtracting the

instrumental broadening.

6-3-2. FT-IR

The Fourier transform infrared spectroscopy (FJ4ieasurements were performed with a
Bruker Tensor 27 at room temperature in the ranfyd080-400crit to characterize the
LiNH,, LioNH, Mg(NH,),, MgNH, and L}Mg(NH), phases. The powder samples were

ground with KBr and pressed into pellets.
6-3-3. Scanning Electron Microscopy

The analysis of powder morphology was performeth WESEM (LEO 1530) equipped with

integrated EDAX (Pegasus 1200 EDS/OIM) and the {sacittered electron mode was used.
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6-3-4. BET

The specific surface area (SSA) of powder befar@ after ball milling was determined

through nitrogen adsorption at 77K based on then&uer-Emmett-Teller (BET) method

using the surface area and pore size analyzer @oantachrome Corporation (AUTOSORB-
1). The measurements were performed after a degassiatment at room temperature. The

reported SSA data were calculated based on 5 pBkitsmethod.

6-4. Thermal analysis and hydrogen storage propemis

6-4-1. Differential Scanning Calorimeter

The thermal behavior of powders was studied bfeiftial scanning calorimetry (DSC)
(Netzsch 404) of ~5 mg samples in an alumina ctectBamples were heated to 300at a
heating rate of 5, 10 and &min in Ar atmosphere to estimate the activatioergy by

using the Kissinger equation [1]:

dIn£

2

- __ E (6_2)
R

g 1

TP

where is the heating rate,,Tis the peak temperature, kS the apparent activation energy,

and R is the gas constant.

38



6-4-2. Thermogravimetric analysis
The thermal weight loss (TGA) was analyzed withfaINSTRUMENT Q600, which also
contains a DSC option, using a 5 mg sample hedté@&/min under 100 ml/min Ar gas

flow.

6-4-3. Gas analysis

Temperature programmed desorption (TPD) studies warried out with a HTP1-S Hiden

Isochema volumetric analyzer equipped with a mpsstsometer.

6-4-4. Hydrogen storage properties

The hydrogen desorption/absorption was evaluas#dgua second generation volumetric
Sieverts-type apparatus custom-built by A.O.C. &die Engineering Pty Ltd., Australia as
shown in Fig. 6-1. This apparatus built entirelyaoftenitic stainless steel allows loading of
a powder sample in a glove box under argon ansbitsequent transfer to the main unit in a
sealed austenitic stainless steel sample reactbowtiany exposure to the environment. The
weight of the powder sample in the desorption expants was in the range of 20-30 mg.
The calibrated accuracy of desorbed hydrogen cgpacabout +0.1 wt.% KHand that of
temperature reading +0Q. Before starting the desorption test, the inndring of the
apparatus and reactor were evacuated and purgeeg with argon and then two times with
hydrogen. The furnace of the apparatus was heafstaely to the desired test temperature
and subsequently inserted onto a tightly sealeddpovsample reactor inside which a
pressure of 1 bar Hwas kept. Hence, the beginning of the desorptesh was in reality

pseudo-isothermal before the powder sample temperateached the desired value.
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However, the calibrated time interval within whitte powder sample in the reactor reaches
the furnace temperature+400-600 s in the 100-35C range, which is negligible compared
to the desorption completion time especially atgeratures below 20C. Therefore, one
can consider the test as being “isothermal” for @mgctical purposes at this range of
temperatures. After desorption the powder with@maval from the reactor was subjected
to absorption at pre-selected temperature and ymes$he amount of desorbed/absorbed
hydrogen was calculated from the ideal gas laweseribed in detail in Appendix A-3 [1].
Hydrogen desorption curves were also correctedhii®rhydrogen gas expansion due to the
increase in temperature. The amount of desorbeuifadd H expressed in wt.% is
calculated with respect to a total weight of powiefuding the additives.

Equilibrium plateau pressures at various tempegatwere obtained in our Sieverts-type
apparatus by a step-wise method by increasing ymeesst a constant temperature until
equilibrium was established. The enthalpy changehef dehydrogenation reaction was
estimated from the Van't Hoff equation [1] as men&d in Chapter 3-1-4.

The apparent activation energy for desorption gsecwas estimated from the obtained
volumetric desorption curves at corresponding teatpees using the Arrhenius plot kf

values with temperature [1]:
— - E,/RT
k=k.e ™ (6-3)

where E is the apparent activation enerdg/js the gas constant afidis the temperature.
The rate constark was determined using the Johnson-Mehl-Avrami-Kaorov (JMAK)

equation [1]:

h
a=1-e™ (6-4)
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where /1 is the reaction exponent (the Avrami exponentatesl to the transformation
mechanism, taken as a free value characteristiedch individual temperature [1] rather

than a fixed value for all temperatures, aig the desorption fraction at time t.

Fig. 6-1 A Sieverts-type apparatus custom-built byA.O.C. Scientific Engineering Pty

Ltd., Australia, for evaluating hydrogen storage pioperties
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7. Nano-structured (LINH,+LiH) systems

7-1. Effect of milling on the microstructure of hydride mixtures

Fig. 7-1 shows the evolution of the morphologyhe LiNH,-LiH mixture with a molar ratio

of 1.1 with milling time. After 1 h of ball millingthe particles have a non-uniform particle
size distribution with small and large particle ptgitions. However, after 5 h of milling, the
population of large particles is substantially reellt After milling for 50 and 100 h, an
agglomeration of smaller particles into larger &ggtes becomes more pronounced (Fig. 7-1
e) and f)).

Fig. 7-2 a) shows the XRD profiles of the as-reediLiNH, and LiH and their 1:1 molar
ratio mixture before and after ball milling for hd&5 h. XRD testing was performed shortly
after the milling processing was terminated. Acaagdo JCPDS file No. 09-0189 and No.
85-1327 for LiH and Al, respectively, the difframti peaks of LiH and Al overlap except for
two peaks at 2=64.2 and 77.5° for LiH. Therefore, these peaksaasimed to be indicators
of the presence of the LiH phase in the mixturesrédceived LiH powder contains LiOH,
whereas LiNH contains both LO and LiOH. Because the powders were packed irgo th
environmental holder, kO and LIOH are probably inherent impurities of th&received
materials. No other phases are present. Therdbotl, constituents remain separated in the
(LINH 2>+LiH) mixture and do not react with each other dgrball milling.

The grain sizes and lattice strains of LiN&hd LiH after milling were estimated from XRD
patterns in Fig. 7-2 a), and the results are sumzedin Table 7-1 and Fig. 7-2 b). It can be
seen that the crystallite size of LiMldnd LiH decreases to 10 nm after ball milling 60 h,

and the lattice strains are negligible.
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Fig. 7-1 The evolution of the morphology of the (LH+LiNH ;) mixture milled for a) 1 h,

b)5h, c) 10 h, d) 25 h, €) 50 h and f) 100 h
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Fig. 7-2 X-ray diffraction patterns of a) as-receied LiH, LiNH , and their 1:1 molar
ratio mixture before and after milling for 1 and 5 h. b) The crystallite sizes of LiNH

and LiH in the 1:1 molar ratio mixture as a function of milling time
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Fig. 7-3 shows the specific surface area (SSA) mredsfrom the BET method. It is
noticeable that there is a sharp increase in tleeifsp surface area after 5 h of the ball
milling. The maximum specific surface area is almé6 nf/g after 25 h milling but

afterwards the SSA slightly decreases most likelg tb the agglomeration occurring for

longer milling times (Fig. 7-1 e) and f)).

70

60 r

50 -

40 -

30 f

20
A
N

10 r

Specific surface area (m ?/g)

0

0 20 40 60 80 100
Milling time (h)
Fig. 7-3 Specific surface area (SSA) of the (LiNgLiH) powder mixture vs. milling

time

Table 7-1. Powder characteristics of the 1:1 molaratio mixture of (LINH »+LiH) as a

function of ball milling time

Milling time Qrain si;e Lattice strain - BET
(h) LiNH o/LiH LiINH o/LiH specific SLZJrface area

(nm) (m/g)

0 > 1007 0* 16.5

1 63/NAY 0/NA*) 26.4

5 41/27 5.68 10°/1.14 103 56.0

25 23/14 4.62 1030 59.6

100 14/9 1.77 1030 45.6

Note: *Measured with a Bruker D8-Advantage powder diffracbmeter; other grain sizes and
internal strains were measured with a Rigaku Rota#tx D/Max B rotating anode powder

diffractometer
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7-2. Thermal behavior of LINH,

All thermal tests were carried out almost immegliaafter the termination of ball milling;
therefore, the samples were not stored under agire¢ gas for an excessive period of time.
The XRD patterns of samples, which were stored3anonths under high-purity argon
(purity 99.999%), revealed that a fraction of Likarisformed into LiOH, even under such
“clean” storage conditions. TGA and DSC profilee ashown in Fig. 7-4 a) and b),
respectively, for single-phase LiNHbefore and after 25 h of ball milling. The DSC fdeo
shows a single endothermic peak that correspontsetmelting of LiINH at approximately
380°C independently of the degree of mechanical actimdiy ball milling. Ball milling does
not seem to change the character of thermal behavidhiNH,. It is well-known that a
single-phase LiNkKdecomposes through the release of only the amnuyasgNH) [1, 59].
The TGA curve in Fig. 7-4 a) shows that Nid released more slowly when LiNks in the
solid state and more rapidly from liquid LiNHAssuming that the release of BHegins
when the TGA curve starts deviating from linearibtyie can estimate that the TGA onset
temperature for the release of Ni$ 150 and 8WC for LiNH, before and after milling,
respectively. From the change in the slope of tBATurves in Fig. 7-4 a), one can estimate
the weight loss that corresponds to the amountrtfWhen LiNH, is either solid or liquid as
shown in Table 7-2. It can be seen that the asvedd.iNH, releases 8.4 wt.% and 25.7
wt.% NH; from the solid and liquid phases, respectivelytuim, the milled powder releases
10.7 wt.% and 22.9 wt.% NHfrom the solid and liquid phases, respectivelyug hball
milling slightly enhances the NHelease from solid LiNKH Within the experimental error,
the total amount of NElreleased in Fig. 7-4 a) is in a good agreemertt wié theoretical

value of 37 wt.% NHlreleased through the reaction (3-3).
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Fig. 7-4 The desorption behavior of single-phase NH, before and after ball milling

for 25 h: a) TGA and b) DSC profiles (TA Q600 appaatus)
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Table 7-2. The amount of NH released from single-phase LiNHKH before and after

milling and approximate onset temperatures of the N3 release as estimated from TGA

The amount of NH; released from a single phase LiNH
Solid state | Liquid state Onset temp. Peak temp.
(Wt.% NH3) | (wt.% NH3) (°C) (°C)
Before ~8.4 ~25.7 150 379
milling
After milling ~10.7 ~22.9 80 369
for 25 h

H2 partial pressure
ainssaud penred EHN

80 130 179 228 277 326 375 425 475
Temperature ()

Fig. 7-5 TPD spectra for the 1:1 molar ratio mixture
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7-3. Thermal behavior of the (LiNH,+LiH) system

To determine the temperature range for the reled$g/drogen and ammonia, a TPD test
was performed for the 1:1 molar ratio mixture LiNHH milled for 25 h, and the result is
presented in Fig. 7-5. The majority of hydrogemekased up t6-320°C while there is no
measurable release of ammonia at this temperaamgerfrom the unreacted LiNHh the
mixture. Ammonia from the latter is predominantgfeased when the temperature exceeds
375°C.

Since the hydrogen desorption peak is separabed ihe ammonia peak, its behavior can be
easily analyzed in a DSC. Fig. 7-6 a) and b) shiea&vdependence of DSC curves on the
milling time for the 1:1 molar ratio of the LiNMLIH mixture and the molar ratio for a
milling time of 25 h, respectively. Table 7-3 suminas the onset and peak temperatures of
the hydrogen desorption peak for each DSC curve.

As can be seen in Fig. 7-6 a), the as-receivedrlar ratio LiINH:LiH mixture has two
endothermic peaks at temperatures below’@0(he first broad peak at about 3€5is
related to reaction (3-2) in which hydrogen is askd, and the second sharp peak at around
37C°C results from the melting of the unreacted LiNIH the mixture and the release of
ammonia. However, all powders processed by ballmgikexhibit only a single endothermic
reaction peak in this temperature range. The ngefigak of unreacted LiNHlisappears for
the mixtures ball milled for even 1 h, which indesthat most of the LiNjhas reacted with
LiH in a DSC test below the melting temperatureLtdH ,. Furthermore, the endothermic
peak of reaction (3-2) is reduced from 325 for tinenilled 1LiNH,:1LiH mixture to 238C
after milling for 25 h. The onset temperature atirreases from 268 for the unmilled

1LiNH2:1LiH mixture to 180-188C after ball milling for 25 to 100 h.
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Fig. 7-6 DSC profiles for a) various milling timesfor the 1:1 molar ratio mixture

LiNH ,2:LiH and b) the molar ratio of LiH to LINH , in the mixture milled for 25 h

(heating rate of 10C/min) (Netzsch 404 apparatus). c) the onset and g@le temperature

of reaction (3-2) vs. the SSA of powder mixture andl) the grain size of LINH, in the

1:1 molar ratio mixture
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Table 7-3. Summary of the DSC results for the (LiNHHLIH) mixture with various

molar ratios of constituents

Milling time Molar ratio DSC peaks ( )
(h) (LINH 2:LiH) Ton T peak
324.7

0 11 268.0 (LINH» melting peak 371.6

1 ’ 212.0 272.5

5 196.2 250.2

1:1 186.0 235.2

25 1:1.2 183.4 239.2

1:1.4 180.3 234.1

100 1:1 187.2 245.0

In Fig. 7-6 a), it is also evident that the DSC kpbeoadening is reduced as the milling time
increases up to 25 h, but, after 100 h of millitlgs peak becomes broader than that observed
after 25 h. It is likely that this effect is reldteo the pronounced powder particle
agglomeration process that occurs for a millingetioh 100 h as already shown in Fig. 7-1 e)
and f).

As can be seen in Fig. 7-6 b) and especially Ték8efor the mixtures milled for a constant
time of 25 h, the increasing molar ratio of LINHH does not measurably affect the peak
position of reaction (3-2) but slightly reducesotsset temperature. As shown in Fig. 7-6 c),
the onset and peak temperature of reaction (3+2h®1:1 molar ratio mixture decreases as
the SSA of the powder mixture increases up to addutf/g (100 h milling), then reaches
saturation and again slightly decreases at largkereg of SSA. As shown in Fig. 7-6 d), both
the onset and peak temperature of reaction (3-2)edse monotonically with decreasing
LiINH, grain size to about 23 nm (Table 7-1; 25 h millirend, subsequently, both slightly

increase as the grain size of Liplfdirther decreases to 14 nm. Table 7-1 shows hieaditain

51



size of LiH in the mixture decreases proportionatiythe grain size of LiNL therefore, a
similar dependence to that in Fig. 7-6 d) is alsanfl for the grain size of LiH. The
simultaneous decrease of the grain size of LiMkth increasing SSA (Table 7-1 and 7-3)
makes it difficult to unambiguously establish whifthese two factors is responsible for the
observed reduction of the peak temperature of imac{3-2) in Fig. 7-6 b) and c).
Nevertheless, the onset/peak temperature’s decvatsencreasing SSA observed in Fig. 7-
6 c) and increase for the smallest grain size dfHJ/LiH observed in Fig. 7-6 d) indicate
that the controlling factor in the reduction of tleaction (3-2) peak temperature is probably
SSA rather than the grain size of the constituantee (LiNH+LiH) mixture. Otherwise, it
would be difficult to justify the behavior observedFig. 7-6 d).

The results of this study can be compared witlsehabtained for hollow nanospheres [64].
The hollow nanospheres have an SSA of 794 rand had lowered desorption onset and
peak temperatures of 179 and 230 respectively. From Tables 7-1 and 7-3, a similar
reduction of the desorption temperature of the HiMNLiH) expressed by reaction (3-2) can
be achieved by ball milling for 5-25 h, which bringbout a profound reduction of SSA to 60
m?/g. Although the hollow nanospheres have 33% greaarface area than the
nanostructured (LiNp+LiH) mixture (59.6 rmi/g), the desorption temperatures of both
materials are notably similar. Therefore, the hetless of the particles of
LiNH/(LINH»+LiH) is not an important factor in reducing thelesorption temperature.
Instead, the principle factor is the reduction 8ASwhich can be achieved with ball milling.
To study the progress of reaction (3-2) during &CDtest in terms of microstructural

evolution, the 1:1 molar ratio mixture milled foh5was heated to 150, 200, and 3DQvith

the same heating rate of"@min as used in the DSC tests shown in Fig. 7-&nd)b). The
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samples obtained after heating were tested by XR@hienvironmental holder. The obtained
XRD patterns are presented in Fig. 7-7. Unfortugatbe Bragg peaks of LiNpHand LpNH
overlap (the reader is referred to JCPDS file #0868 and 06-0417 for LiNHand LbNH,
respectively) in addition to the aforementionedrtafe of those of LiH and Al. This overlap
renders the XRD test inconclusive because the pcesef LbNH cannot be confirmed
unambiguously as required by reaction (3-2).

Because of the ambiguity of the XRD tests, thelRTtechnique was used to obtain

microstructural information for the mixtures heatedrarious temperatures as shown above.

Al LioNH
LINH, LiH
A Li,O " LiOH

20000+

16000

12000
300°C
8000

200°C

4000—: 150°C

After milling

L L B B I L L B B I L B L A |
20 30 40 a0 60 7n a0 a0

Degrees 2-Theta

Fig. 7-7 XRD patterns of the 1:1 molar ratio mixture milled for 5 h and DSC directly

after milling and after heating at various temperaures
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Fig. 7-8 FT-IR absorption spectra of a) 1:1, b) 1:2 and c) 1:1.4 molar ratio mixtures
milled for 25 h and heated to various temperatured) 200°C, 2) 225°C, 3) 250°C, 4)

275°C, and 5) 300C
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Fig. 7-8 a), b) and c) show the FT-IR absorptioacsfa for the 1:1, 1:1.2, and 1:1.4 molar
ratio mixtures, respectively, which were milled &% h and subsequently heated to various
temperatures at a heating rate of 10°C/min. LiNtds two peaks at 3312 and 3259%cm
corresponding to the asymmetric and symmetric dtnegy of the N-H bonds in LiN}
respectively. LINH also has two peaks at wavelengths of 3180 as@ 8%’ [65-67]. Fig.
7-8 shows that the increase of the molar ratioibfdesults in faster transformation of LiNH

to LioNH through more efficient capturing of NHy a larger amount of LiH as required by
reactions (3-3) and (3-4). For the 1:1 molar rataction (3-2) starts at 28D, and a portion

of the LiNH, phase still remains at 38D, which agrees with the presence of its meltinakpe

in Fig. 7-6 a). For the 1:1.2 molar ratio, reacti(@2) starts at 22& and ends at

approximately 30%C. For the 1:1.4 molar ratio, the reaction star22& C and ends between
275 and 30fC.

The measurements of the apparent activation en&rgpydrogen desorption according to
reaction (3-2) (reaction goes to the right) weradiwted using the Kissinger method (Eqg.
(6-2)). Fig. 7-9 a) shows the effect of varioustheprates on DSC profiles, which is an
underlying principle of the Kissinger method. Theresponding Kissinger plots are shown
in Fig. 7-9 b) for various milling times and in Fig-9 c) for various molar ratios. One
should note the excellent correlation coefficieR%,obtained for the Kissinger plots in Fig.
7-9 b) and c), which attest to the accuracy of niethod. Table 7-4 lists the activation
energy data obtained from the Kissinger plots. @pparent activation energy is rapidly
reduced after 1 h of ball milling, and further nmy only slightly changes the apparent
activation energy. In Fig. 7-10, the apparent atibn energy is plotted vs. SSA for the 1:1

molar ratio mixture. The lowest energy is obtairadter 25 h of milling when the SSA
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reaches approximately 60%fy. In general, within the range of 45-6(f/gy the apparent
activation energy changes only moderately. For Gomapn, the results reported by Xie et al.
[64], who investigated hollow nanospheres, are shiowFig. 7-10. Their apparent activation
energy is slightly higher than the values obtaimedhe present work, even though the
nanospheres have higher surface area and possiubr Idiffusion depth. However, the
results of Xie et al. [64] are for the hydrogenabpsion reaction (3-2) (reaction goes to the
left); therefore, it is not clear whether theirukts can be compared directly with those for
desorption in the present work. This problem rezpiiiurther study, especially because the
apparent activation energy for the hydrogen abswrpgh amides/imides is usually lower
than that for desorption [57, 68]. Therefore, theme other factors related to ball milling that
further reduce the supposedly elevated apparemation energy for desorption. In Fig. 7-
11, the calculated apparent activation energy ydrdégen desorption is plotted vs. the molar
ratio of LiH to LiNH, in the mixtures milled for 25 h. The data reporgdShaw et al. [57,
68] for the 1:1.1 molar ratio and 24-h milling tiraee also plotted in Fig. 7-11, and the data
fit the observed trend well. It is clear that iresang the LiH molar ratio to 1.2 results in a
more profound reduction of the apparent activagorrgy. It is possible that increasing the
number of interfaces between LiH and LiNidrovides many diffusion paths and also
increases the reactant energy to a sufficientiy lsate to reduce the apparent activation
energy. However, a further increase of the LiH moddio to 1.4 does not lead to any further
decrease in the apparent activation energy, suggesiat excessive LiH may be present at

the 1LINH,: 1.4LiH molar ratio.
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Fig. 7-9 a) Examples of the DSC profiles at varioukeating rates (5, 10 and 1%/min)

for the 1:1 molar ratio mixture of LiNH ,:.LiH. The Kissinger plots of the apparent

activation energy for hydrogen desorption (reaction(3-2) goes to the right) for the

milled LiH and LiNH , mixtures vs. b) milling time and c) the molar ratb of LiH to

LiNH »
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Table 7-4. Summary of the calculations of the appant activation energy of reaction

(3-2)
Milling time Molar ratio o BET _Ap_parent
h) (LiNH 2LiH) specific sgrface area activation energy

(m</g) (kJ/mol)

0 16.5 237.5

1 1:1 26.4 94.9

5 56.0 89.5

1:1 59.6 84.5

25 1:1.2 NA 57.5
1:1.4 NA 70.6

100 1:1 45.6 88.0
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7-4. Discussion

7-4-1. Origin of the ammonia (NH) release from the (LINH+LiH) mixture

Fig. 7-12 a) and b) show the TGA and correspon@&g& curve, respectively, for the 1:1
molar ratio LiNH:LiH mixture after milling for 25 h obtained with BA Q600 combined
TGA and a DSC apparatus. The TGA curve shows twtindt weight loss regions with
distinctly different slopes, which are delineatgdtangent lines 1 and 2 in Fig. 7-12 a). In
accordance with the TPD curve in Fig. 7-5, the esponding DSC curve in Fig. 7-12 b)
shows that the first TGA region results from hydsoglesorption, while the second results
from the release of ammonia. From the interseatichese two tangent lines in Fig. 7-12 a),
the 1:1 molar ratio mixture desorbs approximately wt.% H at up to 330C below the
melting temperature of LiNk while ammonia is released in a much higher teatpes
range when the retained LiNkhelts (also compare with Fig. 7-4).

Based on the estimated amounts of ammonia reldamadhe LiNH milled for 25 h in Fig.
7-4 in the solid (10.7 wt.%) and liquid (22.9 wt.%dates as listed in Table 7-5, the
theoretical amount of hydrogen released in thedsafd liquid states from the 1.1 molar
mixture can be estimated as (6.5 wt.% H10.7 wt.%/(10.7+22.9 wt.%)} 2.1 wt.% B in

the solid state of LiNKin the mixture and (6.5 wt.%H [22.9 wt.%/(10.7+22.9 wt.%)}
4.4 wt.% H in the liquid, respectively. However, the valuedof wt.% H released in a solid
state as shown in Fig. 7-12 a) is twice as higthagheoretical amount expected for the 1:1

molar ratio LiNH:LiH mixture as summarized in Table 7-5.
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Fig. 7-12 a) TGA curve for the 1:1 molar mixture LNH2:LiH milled for 25 h. Tangent

lines 1 and 2 show two distinct weight-loss regimder H, and NHs, respectively. b)

Corresponding DSC curve showing endothermic desorpin peaks of B and NH;. Data

obtained with TA Q600 apparatus
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Table 7-5. The calculated and experimental amountfdd, desorbed from the 1:1 molar

mixture (LINH 2+LiH) ball milled for 25 h

The amount of H, desorbed from
1 mol LiNH»: 1 molLiH mixture milled for 25 h

Theoretical Experimental
(wt.% H») (Wt.% H»)
Solid state | Liquid state | Solid state Liquid state
of LINH» of LiNH of LINH» of LINH»
2.1 4.4 4.4 0

Therefore, in addition to capturing NHit appears that LiH can accelerate LiNH
decomposition to LNH and NH at lower temperatures if LiIH has intimate contaah
LiINH, due to ball milling. As shown in Fig. 7-6 a), baiilling is absolutely necessary to
enhance LiNH decomposition in the (LiNpFLIH) mixture because the unmilled 1:1 molar
ratio mixture in Fig. 7-6 a) shows only minimaj Hesorption before the LiNHcomponent
melts. Thus, LiH may act as a catalyst for the dguosition of LiNH.

An important question that arises from these resalivhy ammonia is persistently released
from the (LINH+LiH) mixture as seen in Fig. 7-12 a) and b). TGAMD experiments were
performed after flushing the TA Q600 apparatus withior 1.5 h and subsequently allowing
a flow of high-purity Ar. However, the chamber dfet TA Q600 apparatus is essentially
open, and air contamination of the flowing Ar istqupossible.

Based on this experimental fact, we formulatehingothesis that contact with moisture in

the remnant air in the chamber (or anywhere etsethlat matter) hydrolyzes a fraction of
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the LiH in the mixture into LiOH, which makes thisaction inactive and unable to react
with NH3 according to reaction (3-4). To test this hypothese performed an experiment in
which the 1:1 molar ratio LINFLIH mixture ball was milled for 100 h and thermatested
with the TA Q600 apparatus with and without flughimith Ar for 1.5 h. Fig. 7-13 a) and b)
show TGA and DSC desorption profiles of the 1:1anehtio mixture, respectively. In Fig.
7-13 b), the mixture withoutAr flushing shows only one DSC endothermic peak
corresponding to the melting of LiINHFig. 7-13 b) also shows a rapid weight loss istgrt
around 3568C. These TGA and DSC curves look similar to thevesiregistered for single-
phase LiNH as shown in Fig. 7-4 a) and b). Such behaviorigdes/strong evidence in favor
of the hypothesis of the partial hydrolysis/oxidatiof LiH accelerated by heating in the
presence of an impure Ar atmosphere contaminatedirbyhich makes a portion of LiH
inactive in reaction (3-4). In contrast, after fiugg with Ar, the mixture shows two distinct
regimes of weight loss with two distinct slopesaif GA test in Fig. 7-13 b). The regime at
low temperatures is related t@ Hesorption, and the regime at high temperatureslased
to NH; desorption, which is similar to the results présdnn Fig. 7-12 a) and b). In a DSC
test in Fig. 7-13 b), the argon-flushed mixturevetidwo endothermic peaks: one related to
H, desorption (reaction (3-2)) and the other relatedhe melting of retained LiNHand
simultaneous Nkldesorption. The latter is formed from the retaihédH , that did not fully
react with LiH, due to its partial inactivity. Aq\@wn by Ren et al. [69], LiH is sensitive to
storage and testing conditions. Therefore, we cmigclthat the unreacted/retained LiNH
always releases NHas long as a part of the LiH becomes inactive, tudéydrolysis/

oxidation, and does not take part in the interntedieaction (3-4).
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Fig. 7-13 Thermal desorption profiles from a) TGA ad b) DSC of the 1:1 molar ratio
LiNH 2:LiH mixture ball milled for 100 h with and without flushing with Ar for 1.5 h

before heating. Data obtained with a TA Q600 apparas
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Assuming that all LiOH comes from LiH, this reactioan be expressed as follows. For the
first endothermic peak (Hi

LINH 2+ (1-x)LiH + X(LiH)inactivé® (1-X)LioNH + (1-xX)H + XLINH 2+ X(LiH)inactive  (7-1)

For the second peak (N}

XLiNH 5® (X/2Lio,NHz+x/2NHs) + X(LiH)inactive (7-2)

where X(LiH)nactive IS the fraction of inactive LiH.

In the first step, it is assumed that xLipid rendered inactive such that (1-x)LibKHeacts
with (1-x)LiH, which transforms into (1-x)bNH and (1-x)H. In the second step, this
unreacted xLiNHdecomposes into (x/2iMH+x/2NH;g). Through this modified reaction, we

can calculate the amount of NHsing the following equations:

HydrogenCapacity experimeral
HydrogenCapacity theorectial

x(LiH) = A- (7-3)

M(Massof 1 mol NH5s) (7-4)

Weight percentageof NHs =
Total massof reactants

where A is the molar ratio of LiH to LiNH

Table 7-6 shows the amounts of inactive LiH calted above for various molar ratios of
LiNH :LiH together with experimentally estimated amounitseleased kHand NH. Fig. 7-

14 a), plotted from data in Table 7-6, shows gogrce@ment between the calculated and
experimentally observed amounts of desorbed, MHich strongly supports our hypothesis.
Fig. 7-14 b) shows that the amount of hydrogerodesd slightly decreases as the milling
time increases from 5 to 25 and 100 h. Table 7efvshthat this effect is due to the gradual

increase in inactive LiH with increasing millingrte for the 1:1 molar ratio LiNgLiH.
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Table 7-1 and Fig. 7-2 show that the grain (cr{istalsize of LiH decreases monotonically
with increasing milling time. This observation segts that with the reduction in grain
(crystallite) size, LiH is rendered more sensitiwdnydrolysis and the formation of LIOH.

Fig. 7-14 c) shows that the optimal molar ratid-tdH ,:LiH in the mixture is 1:1.2 because
the amount of desorbed hydrogen is 5 wt.% at @itat and, conversely, the amount of NH
that is desorbed is the smallest. This result agvesl with the data in Table 7-6, which

show that at the molar ratio 1:1.2, the mass afadtiH in the mixture is the largest of all

of the compounds.

Table 7-6. Comparison of the calculated and experiental amounts of H and NH; as a

function of milling time and the molar ratio of LiH :LiNH , assuming a fraction of

inactive LiH
Hvdrogen Calculated Calculated
C)Z/i agit fraction of | weight of LiH in | Released NH
Molar ratio LiH V\E)t o y inactive the mixture (wt.%)
- milling time (h) (Wt.%) LiH (9)
Theor. | Exp. (%) Active | Inactive | Cal. | Exp.
1.0 fgor'] LiH 4.6 29.2 5.6 23 | 80 75
1.0 mol LiH 6.5 4.4 33.1 5.3 2.6 9.1 9.7
-25h
1.0 mol LiH 4
100 h 4.1 37.3 5.0 3.0 10.3 9.6
1.2 mol LiH 6.2 50 33.0 6.4 3.2 5.1 5.8
-25h
1.4 7o) L 59 | 45 53.0 5.2 59| 59 63
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8. Li-N-C-H system

8-1. Reactions of carbon with LiINH

Recently, Alapati et al. [132] performed the figgtinciple calculations to identify new
destabilized metal hydride reactions. These rebesascalso suggested attractive reactions
containing carbon as a destabilizing agent. Onedhef suggested reactions shows the
destabilization of LiNH:

2LiNH,+ C® Li,CN; + 2H, (8-1)

The theoretical model indicates that the standamtiadpy change is -31 kJ/mol,Hthe
negative sign indicates an endothermic reactiod)that the theoretical hydrogen capacity is

7 wt.% H. However, no experimental studies of this systewetbeen attempted yet.

8-1-1. (2LINH,+C) system

Fig. 8-1 compares the DSC curves of single-phadiHkiand the (2LINH+C) mixtures
with two different carbon forms, all of which wenalled for 25 h. Carbons in the form of
graphite (crystalline) and carbon black (amorphausje used as destabilizing agents of
LiNH,. The DSC curve of single-phase Libllhows a single endothermic peak that
corresponds to reaction (3-3) at approximately °@70while both mixtures with two
different carbon forms show one endothermic peaavib&70°C and two exothermic peaks
above 450°C. Fig. 8-2 shows the corresponding TGAes for single-phase LiNHand a
(2LiINH+Graphite) mixture, both of which were milled fob 2h. Single-phase LiN{
releases 33.6 wt.% NHaccording to reaction (3-3), while the weight losé the
(2LINH+Grapite) mixture is approximately 25.2 wt.%. Twmdings are particularly

interesting. First, the weight loss of the (2LipH&rapite) mixture starts at lower
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temperatures than that of the LiblEnd ends below 400°C. Therefore, the weight |dskeo
mixture of LiINH,-C (graphite) (2:1) is due to the only endotherpeak that appears below
400°C as shown in Fig. 8-1. The two exothermic pehlkt appear at approximately 450°C
do not contribute to any weight loss.

The second finding is that the amount of weigbslm the 2:1 molar ratio mixture LINHC
(graphite) is much larger than our expectation thase reaction (8-1) proposed by Alapati
[132], which suggests 7 wt.%;,Helease through a single endothermic reactionugyy
that graphite is inactive with LiNfHand that 2 mol of LiNklis melted and decomposed into
LioNH, the mixture can release 29.4 wt.% Nkhich corresponds to 1 mol of Niger unit
formula of the (2LiNH+C) mixture.

Considering the purity of each material, the ressltin good agreement with the
experimental value of 25.2 wt.%. Therefore, thectiea pathway of the mixture as it is
heated up to 500°C is not processed by reactioh) (@4t follows reaction (3-3), which

releases Nkl

368.8°C
10°C/min
359.4°C
340.8°C

1. LiNH, milled for 25 h
2. (2LiNH2+1C(carbon black)) milled for 25 h
3. (2LINH ,+1C(graphite)) milled for 25 h

Fig. 8-1 DSC profiles of 1) single-phase LiNpHmilled for 25 h and 2:1 molar ratio

mixtures of LiNH , with 2) carbon black and 3) graphite milled for 25h
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Fig. 8-2 TGA profiles of 1) single-phase LiNH milled for 25 h and 2) 2:1 molar ratio

mixtures of LiNH , with graphite milled for 25 h

To clarify the reaction pathways corresponding t@ @ndothermic and two exothermic
peaks, as shown in the DSC curves of the (2L.HNBtapite) mixture, samples at different
DSC stages were collected and analyzed using XRRD Janalysis was performed with
Mylar film to prevent oxidation/hydrolysis duringg XRD test. As can be seen in Fig. 8-3,
the XRD pattern of the (2LiNkgraphite) heated to 400°C shows the diffractioakgeof
the LbNH and LbO phases, which indicates that the endothermic pe#ke DSC curve of
the mixture shown in Fig. 8-1 is related to the tmgl and decomposition of LiNH
described in reaction (3-3). Further heating ofgample to 500°C splits the diffraction peak
of graphite and forms the LIOH,O phase, while XRD patterns of the;NH phase are no

longer detectable. Therefore, it is likely that twrothermic reactions are related to the
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oxidation and hydrolysis of the INH phase or to the formation of lithiated grapluezause
the diffraction peak of graphite at 226.4° is split after heating at 5.
However, it is worth mentioning that the ternaryide product predicted by Alapati et al.
[132], the L,CN, phase, is not obtained, even though the samplebeated up to 500°C.
Therefore, the (2LiNbkGrapite) mixture is decomposed by reaction (3v#)jch forms
LioNH and releases NHegardless of the presence of graphite. It idylikieat the proposed
reaction (8-1) is difficult to realize, due to thigh kinetic energy barrier of C-C bonds.

Graphite (01 -0640)

Mylar film

Li-NH (06-0417)

A Al substrate (85-1327)

A Li,0 (12-0254)
LiOHeH 0 (01-1062)

A

A A
AR an

A
A A
AAAa)

Fig. 8-3 X-ray diffraction patterns of 2:1 molar ratio mixtures of LiNH , with graphite
milled for 25 h heated to various temperatures at aeating rate of 10C/min in Ar

atmosphere (a- 400°C and b- 500°C)

71



8-2. (LINH,+1.2LiH) system incorporated with graphite
8-2-1. Morphology and microstructure of powder mixures

Fig. 8-4 a) shows the backscattered electron (BSiE)ograph of the ((LINK#1.2LiH)+5
wt.% G (graphite)) mixture after ball milling fols2h. Fig. 8-4 b) shows the XRD patterns
for (LINH,+1.2LiH) (pattern 1) and ((LINE+1.2LiIH)+5 wt.% G) (pattern 2). The principal
diffraction peaks in both patterns belong to boiNH, and LiH. Interestingly, there is no
graphite peak present in pattern 2, which strosgiggests that graphite transforms into an
amorphous form because of high-energy ball millibgs also interesting to note that both
the LiIOH and L3O diffraction peaks are observed in the mixturdhauit graphite (pattern 1),
whereas only the kO peaks are observed in the mixture with 5 wt.%plgita (pattern 2).
Possible direct reaction routes that can resuhenformation of LiOH when LiH is exposed
to air at room temperature are as follows [133]:

LiH+H,0 = LiOH+H, DG =-133.01 kJ/mol (8-2)

LiH+1/20, = LiOH DG =-370.24 kJ/mol (8-3)

The absence of the LIOH peaks in diffraction patt2rin Fig. 8-4 b) for the mixture with 5
wt.% graphite as opposed to pattern 1 without gtagh clear evidence that the graphite
additive indeed formed a hydrophobic coating arotive LiH particles that prevented the
occurrence of reactions (8-2) and (8-3) in the arixtwith graphite.

LioO has two possible origins. First, it can be presan a pre-existing impurity in
commercial LINB and can lead to the formation of LiOH in the mnetwithout graphite
according to the following reaction [133]:

Li,O+H,0O = 2LiOH DG =-78.06 kJ/mol (8-4)
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LiNH , (06-0418)
" LiH (09-0189)
A Li,O (12-0254)

LiOH (32-0564)

p-|

b)

Fig. 8-4 a) Backscattered electron (BSE) micrograplof ((LiNH »+1.2LiH)+5 wt.% G)

and b) XRD patterns for 1-(LiINH2+1.2LiH) and 2-((LiINH»+1.2LiH)+5 wt.% G), both

of which were milled for 25 h
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Second, LiO can be formed at room temperature if there isnallsamount of moisture
present in the atmosphere according to the follgwaaction [133]:

LiH+1/2H,0 = 1/2LpO+H; DG =-93.98 kJ/mol (8-5)

LiH+1/40, = 1/2Li,0+1/2H, DG =-212.59 kJ/mol (8-6)

As reported in Chapter 7, the grain size of thmqgpal phases were found from the
corresponding XRD peak profile breadths in the yMLIH) (1:1) mixture after 25 h of

ball milling (IMP67 mode); the grain (crystallits)zes of LINH and LiH were 23 and 14
nm, respectively, with corresponding lattice stsairi 4.62x10 and 0, respectively. One can
reasonably assume that the grain size would belaginafter 25 h of milling in the

(LINH 2>+1.2LiH) mixture with and without 5 wt.% G additive

8-2-2. Thermal (DSC) behavior

Fig. 8-5 compares the DSC profiles of (Lib#i.2LiH) and ((LINH+1.2LiIH)+5 wt.% G)
milled for 25 h. Interestingly, the mixture withogtaphite shows two endothermic peaks, a
large peak and a small one, whereas the mixtute gvaphite shows one large endothermic
peak and one small exothermic peak. In the cageiNH ,+1.2LiH), the first endothermic
peak at 234.9C is related to reaction (3-2), in which hydrogsrreleased, and the second
endothermic peak at 396Q is due to the melting of retained LiNIh the mixture and the
desorption of NH (reaction (3-3)). This retained LiNHoccurs due to the partial
oxidation/hydrolysis of LiH, which renders reactio3-2) incomplete. For the
((LINH »+1.2LiH)+5 wt.% graphite) mixture, the second eimdomic peak disappears, which
indicates that graphite can prevent or at leasstantially reduce the oxidation/hydrolysis of

LiH. Hydrophobic synthetic graphite covers the aod of LiH and LINH and repels water
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from the surface. Therefore, the hydrolysis/oxiolatof LiH can be prevented. The small
exothermic peak at 4700 for the ((LINH+1.2LiH)+5 wt.% G) mixture is related to the
oxidation and hydrolysis of the INH phase or the formation of lithiated graphite as

discussed above.

DSC/(mwW/mg)
3.0 | exo
| 234.6°C
N\ 1- (LiNH2+1.2LiH) milled for 25 h
2.5 / 2- ((LiINH2+1.2LiH)+5 wt.% G) milled for 25 h

227.6°C » \
2.0- J

1.5+
1.0

0.5- 396.2°C

| *J
-0.54 470.9°C

-1.0 — T T T T T T T T T T T T T 1
100 150 200 250 300 350 400 450 500

Temperature / °C

Fig. 8-5 DSC curves at a heating rate of 2C/min for the (LINH »+1.2LiH) mixture with

and without 5 wt.% graphite, both of which were bal milled for 25 h

The measurements of the apparent activation enardpyydrogen desorption according to

reaction (3-2) were collected using two complimentaethods: the Kissinger (Eq. (6-2))

and the JIMAK-Arrhenius (Eq. (6-3) and (6-4)) eqoas.
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Fig. 8-6 a) DSC curves at various heating rates antl) the Kissinger plot for the
apparent activation energy of dehydrogenation (reaomn (3-2)) for the milled

((LINH »+1.2 LiH)+5 wt.% G) system
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Fig. 8-6 a) shows the effect of varying the hegatrate on DSC profiles, which is an
underlying principle of the Kissinger method foetmilled ((LiINH+1.2LiH) +5wt.% G)
system. The corresponding Kissinger plot is showrFig. 8-6 b). Excellent correlation
coefficients, R, are obtained for the Kissinger plots in Fig. &% which indicates the
accuracy of the method. The apparent activationggnef the mixture with 5 wt.% graphite

is 84.9 kJ/mol. Considering the apparent activaginargy of (LiINH+1.2LiH), which is 57.5
kJ/mol, as shown in Chapter 7, the apparent aativanergy of the mixture with 5 wt.%
graphite becomes relatively high. This behavior lbarexplained by the fact that the surfaces
of LINH, and LiH are covered with graphite. Generally, scek of the particles after ball
milling become notably reactive and are in intimedatact with other reactants. However, if
these surfaces are coated with an inactive mataigh as graphite, they can become less
reactive and the diffusion path and distance cachia@ged. Therefore, these results suggest

that graphite hinders the surface reaction betvi#dH , and LiH.

8-2-3. Isothermal hydrogen storage behavior

Fig. 8-7 a) shows the desorption curves of (LMNH2LIH) without and with 5 wt.% G
milled for 25 h at various temperatures under 1Hyapressure. At 27%, 300C and 325C,
desorption curves for the mixtures with graphit@agls show higher hydrogen capacity than
the same mixtures without graphite. The only exoeps the curve at 28C, which shows a
low capacity for H desorbed at this temperature (1 wt.%). This stgldgapacity difference is
probably related to the fact that LiH in the mixdwithout graphite is partially hydrolyzed/

oxidized.
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Fig. 8-7 a) Desorption curves of (LiNH+1.2 LiH) and ((LINH »+1.2 LiH)+5 wt.% G) (1-
250°C, 2-275C, 3-300C, 4-325C) under 1 bar H, (atmospheric) and milled for 25 h

and b) Arrhenius plots for the estimate of the appeent activation energy for mixtures

without and with 5 wt.% G
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Table 8-1. The calculated and experimental amountfoH, desorbed from the 1:1.2

molar mixture (LINH ,+LiH) without and with 5 wt.% graphite (G) milled f or 25 h

Theoretical capacity
Experimental capacity
Purity of (Wt.% H )
starting materials measured at 323C
(%)
100 95
LiNH »+1.2LiH 6.2 5.9 4.7
(LiINH 2+1.2LiH)+5 wt.% G 5.9 5.6 5.2

Therefore, LINH does notompletely react with LiH, and consequently hydirogapacity is
lost. As shown in Table 8-1, the mixture with graphshows nearly the same theoretical
hydrogen capacity considering the purity of thetstg materials. This result provides one
more piece of evidence of the benefits of the gtephdditive. Fig. 8-7 b) shows the
Arrhenius plots for the estimate of the apparetivaton energy. The different slopes of the
Arrhenius lines indicate a substantial differencethe apparent activation energies for the
materials with and without graphite. It is strikingat the addition of graphite actually
increases the apparent activation energy from %D tkal/mol.

Fig. 8-8 compares the apparent activation energi¢ained by the JMAK/Arrhenius and
Kissinger methods. It is obvious that both the Kiger and volumetric methods give nearly

identical values of the apparent activation en@fgyesorption according to reaction (3-2).
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Fig. 8-9 a) Desorption curve at 328 under 1 bar H, pressure and b) corresponding
absorption curves at 328C under 11 and 35 bar H pressure for the (LiNHx+1.2LiH)
mixture ball milled for 25 h. c) Desorption curve & 325°C under 1 bar H, pressure and
d) corresponding absorption curves at 328 under 11 and 35 bar H pressure for the
((LINH 2+1.2LiH)+5 wt.% G) mixture ball milled for 25 h
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Fig. 8-9 a) and c) show desorption curves for thetures without and with 5 wt.% G,
respectively. Fig. 8-9 b) and d) show absorptiomves at 325C under two different
hydrogen pressures of 11 and 35 bar for the migtwighout and with graphite, respectively.
Absorption behavior is similarly independent of fhresence of graphite. Interestingly, the
lower absorption hydrogen pressure of 11 bars ingsdhe kinetics of hydrogen absorption
compared to the higher hydrogen pressure of 35. liars possible that the high-pressure
hydrogen reacts at a high rate with theNH particle, and, subsequently, a layer of LNl
immediately created on the particle surface as shiowAppendix C. This layer blocks the
hydrogen from diffusing into the particle core, winimakes the absorption kinetics slower
than those used at the lower hydrogen pressurkdfk).

Fig. 8-10 compares XRD patterns of the mixturethait and with graphite after the
desorption test at 326. According to JCPDS file No. 06-0418 and 06-04dr7LiNH, and
LioNH, respectively, most of the principal diffractigqeaks of LiNH and LpNH overlap
except for a couple of peaks at217.7 and 19.7for LiNH»; thus, these peaks can be used
as indicators of the presence of the LiNHhase in the mixture. It is evident that
(LINH+1.2LiH) without graphite still exhibits the LiNHpeak at 2=19.7 (Fig. 8-10a),
whereas ((LINH+1.2LiH)+5 wt.% G) exhibits no retained LiNHbeaks. The existence of
LiNH , after the desorption process is an indicator obinplete desorption reactions (3-2)
and (3-3). As proposed in Chapter 7, LiNid unable to completely react with LiH, due to
the partial hydrolysis and oxidation of LiH accargito reactions (8-2), (8-3), (8-5) and (8-
6), and, consequently, the unreacted LjNiHl retained after the desorption process as
evidenced by its diffraction peaks in Fig. 8-10 Bis result is additional strong evidence

that graphite can improve the stability of LiH besa the XRD profile of (LiNBH+1.2LiH)
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with graphite in Fig. 8-10 b) does not show retdihéNH, peaks after desorption. However,
both mixtures still have LiH peaks after the desiorptest. The LiH diffraction peaks in Fig.
8-10 a) for the graphite-free (LINH1.2LiH) mixture arise from the inactive LiH portio
due to its hydrolysis/oxidation. In contrast, thélldiffraction peaks after the desorption test
of the ((LiINH+1.2LiH)+5 wt.% G) mixture in Fig. 8-10 b) ariseofn the unreacted
excessive 20% mole LiH added to the mixture witpdite.

In addition, at higher temperatures of desorptite, conversion of LiOH into kO may
occur according to reactions (8-7) and (8-8) [66]:

LiOH + LiH = Li,O + H, DG = -49 kJ/mol (8-7)

2LiOH = Li,O + H,0 DG = 97 kJ/mol (8-8)

Lio,O formed at high temperatures may react with watad LIOH may reform at room
temperature (after cooling) according to reacti®). This mechanism is plausible for the
(LINH2+1.2LiH) mixture (Fig. 8-10 a)), but it is not febke for the (LINH+1.2LiH)+5
wt.% G) mixture (Fig. 8-10 b)) because@i cannot react with water in the latter because
water can be repelled from the hydrophobic grapbiieface coating around the LiH
particles. Additionally, the diffraction peaks of,O observed in Fig. 8-10 b) probably arise
from an impurity in commercial LINH To confirm the reversibility of reaction (3-2)RP
analysis for the mixture with graphite ((LINHL.2LiH)+5 wt.% G) after desorption and
absorption at 3Z% under 11 bars was performed as shown in Fig. 81and c) and
compared to the XRD pattern of a ball milled sampl€ig. 8-11 a). After dehydrogenation,
the LiNH, peaks disappear (Fig. 8-11 b)). The XRD patterfig 8-11 c) confirms that
reaction (3-2) is completely reversible becauselihBH phase forms after the hydriding

reaction and the LiNHand LiH phases re-appear after the dehydridingtia
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Fig. 8-10 Comparison of XRD profiles for a) (LiNH+1.2LiH) and b) ((LiNH »+1.2LiH)+5 wt.%
G), both of which were milled for 25 h and subsequely desorbed at 328C under 1 bar H,

pressure

LizNH (06-0417)
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" LiH (09-0189)
A Li,0 (12-0254)
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A _
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Fig. 8-11 Comparison of XRD profiles for a) ball mied ((LINH +1.2LiH)+5 wt.% G), b)
desorbed at 328C under 1 bar H, pressure after ball milling, and c) absorbed at 32°C under

11 bar H, pressure after desorption
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8-3. Discussion

8-3-1. Enthalpy and entropy change for the hydrogedesorption reaction

Some controversy in the literature related torttagnitude of the enthalpy changeH) of
the dehydrogenation reaction (-44.5 kJ/mofbb] and -65.6 kJ/molK[67]) prompted us to
perform experiments using a step-wise desorptiothoae In this method, every following
desorption is carried out on a partially desorbedn@e that contains progressively
decreasing quantities of hydrogen. In addition,ititeease in pressure occurs within a fixed
time period during which some desorption may alstuo This method is much faster than
the conventional PCT but may not be as accuratbeasonventional PCT method, due to
the factors mentioned above.

Fig. 8-12 a) and c) show step-wise desorption esrat 275, 285 and 295 with
corresponding equilibrium plateau pressures fornteures without and with 5 wt.% G,
respectively. The results of the enthalpy and eytiwhange values obtained from the Van't
Hoff relationship (Eq. (2-2)) are shown in Fig. 8-tb) and d) for the mixtures without and
with 5 wt.% G, respectively. As can be seen, thihapy and entropy changes of reaction
(3-2) are -62.4 kJ/mol and -61.0 kJ/meltand 117.8 and 115.8 J/molK for the
(LINH2+1.2LiH) mixtures without and with 5 wt.% G, respeely. Within the experimental
error, there is no measurable effect of graphitbtae on the thermodynamic properties.
The enthalpy change values obtained in the presenk are slightly lower than those
reported elsewhere [67] (-65.6 kJ/mg)HEXcellent coefficients of fit to the Van't Hdlihes

in Fig. 8-12 b) and d) give strong evidence that step-wise method is notably accurate at

least for the hydride systems investigated in tiesgnt work.
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Fig. 8-13 a) and b) show the plateau pressurtergperature plots computed from the Van't
Hoff relationship (Eq. (2-2)), and the thermodynamata is shown in Fig. 8-12 b) and d). It
is evident that the equilibrium temperature atatraospheric pressure of hydrogen (PRa
Hy) is 256.8°C and 253.9°@r the (LiNH+1.2 LiH) mixtures without and with 5 wt.% G
milled for 25 h, respectively. Such high equilibritemperatures also explain the sluggish
desorption rate at 250°C observed in Fig. 8-12ta3.also rather obvious that both of these
hydride systems definitely cannot be employed fgdrbgen desorption/absorption below
100°C. However, the easily reversible ((LINHL.2 LiH)+5 wt.% G) hydride system is a
potential candidate for hydrogen storage at higleperatures, which is relevant for high-

temperature fuel cells.

85



11
: 1 DH=-62.4 kJ/mol
295°C (2.6 bar)

09 - DS=117.8 J/(mol - K)
0.8
0.7
0.6
0.5 A
0.4 4 y=-7.4951x+14.163

03 R?=1

0.2 T T '
0 10 20 30 40 50 60 175 L. 179 18t 183

Time (min) 1000/T [1/K]
a) b)

11
28 295°C (2.8 bar) | 1
0.9 -
0.8 -
0.7 -
0.6 -
05 -
0.4 -
0.3
1 T T T T T 0.2 T T T

0 1o 20 30 40 50 & 1.75 1.77 1.79 1.81 1.83

Time (min) 1000/T [1/K]
C) d)

285°C (2.1 bar)

Inp

1275°C (1.6 bar

DH=-61.0 kJ/mol
D5=115.8 J/(mol - K)

285°C (2.1 bar)

Pressure (bar)
Inp

y =-7.3403x + 13.929
R%=0.9962

Fig. 8-12 a) Step-wise desorption curves at varyingemperatures and b) the
corresponding Van't Hoff plot for the (LINH »+1.2LiH) mixture without graphite. c)
Step-wise desorption curve at varying temperaturesind d) the corresponding Van't

Hoff plot for the (LiINH »+1.2LiH) mixture with 5 wt.% graphite
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9. (LINH,+nMgH>) (n=0.55, 0.6, and 0.7)
9-1. (LINH,+nMgH») (n=0.55, 0.6, and 0.7) without catalysts

9-1-1. Effect of milling on the microstructure of tydride mixtures
A A LiNH» (06-0418)
" MgH. (12-0697)

LiH (09-0189)
A Cu (01-1241) (Substrate)

A 0.5h

1h
5h
A
10 h
A -
25 h

Fig. 9-1 XRD patterns of the (LiINH,+0.7MgH,) mixtures milled for various milling

times (IMP67 mode)

XRD patterns of the (LiNk#0.7MgH,) mixtures milled for various milling times are sto
in Fig. 9-1. The mixture milled under the IMP67 redidr 10 h still consists of the original
LiNH, and Mgh phases. After 25 h of ball milling under the sam#éling mode, two small

new peaks are observed at 38.1 and 44.3), (hich can be assigned to the LiH phase

88



(JCPDS file No. 09-0189). However, XRD peaks of thdH, and MgH phases are still
observed in the XRD pattern. The presence of tiedhase suggests that a certain quantity
of the starting mixture is converted to Mg(lWkHand LiH by the metathesis reaction [102,
107, 108]. However, it is difficult to establishettpresence of the Mg(Nl phase using
XRD because this compound is easily deformed intaraorphous state under the energetic
ball milling process [107]. Shahi et al. [138] oefed the formation of Mg(N}), and LiH
during the ball milling for the (LiNK+0.55MgH) mixture. Therefore, in the
(LiNH »+nMgH,) (n=0.55, 0.6, and 0.7) system, the LiNBnd MgH phases tend to be
converted to Mg(Nhk), and LiH by the metathesis reaction depending emihling duration
and energy. In addition, there are no pressureggsaduring the ball milling. The existence

of the Mg(NH), phase during the ball milling will be shown in @ker 10 and 11.

9-1-2. Thermal behavior of (LINH+nMgH,) (n=0.55, 0.6, and 0.7)

Fig. 9-2 compares DSC curves of the mixtures wadhious molar ratios of MgHand
LiNH, milled for a) 1 h and b) 25 h, respectively. As & seen in Fig. 9-2, the mixtures
exhibit three endothermic peaks irrespective ofrttedar ratios and the milling time, which
indicates that the mixtures decompose in a threggtaction. It is also remarkable that each
reaction corresponding to the three endothermikgpé®gins at a lower temperature and
ends sooner as the molar ratio of MgHNH, and the milling time increase. In particular,
peak temperatures for the first and second enduotheeaction for the 1:0.55 LiNJAVIgH
mixture are remarkably reduced from 300.9 to 218.&nd from 401.8 to 3448G by
increasing the milling time from 1 h to 25 h, respeely. Additionally, the increase of the

molar ratio of MgH and LiNH, can slightly reduce peak temperatures as showigird-2.
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Fig. 9-2 DSC curves of the (LINH+nMgH>) mixtures milled for a) 1 h and b) 25 h:
n=0.55, 0.60 and 0.70 (IMP67 mode)
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In contrast to n=0.5 and 0.6, the system with n¥0ilied for 25 h represents the overlap of
the first and second endothermic peak. It is alsatwhighlighting that the intensity of the
third endothermic peak decreases as the molarobMygH,/LiNH ; increases.

Fig. 9-3 shows the dependence of DSC curves on rthiing time for the
(LINH 2>+0.7MgH,) mixture. The mixture milled for 1 h has three etimrmic peaks, and the
second and third peaks overlap, whereas the mixnilied for 10 h reveals only two
endothermic peaks. However, the third endotherreakpeappears after 25 h of ball milling.
It is likely that the third endothermic peak isesult of the incompletion of both reactions
corresponding to the first and second endothermakp because the second reaction starts
before the first reaction is complete in the cakéhe 25 h milled mixture. Therefore, the
retained phases can be decomposed through thehenaiat reaction. The reaction pathways

corresponding to the three endothermic peaks willliscussed later.

DSC/(mW/mg)

37 |exo
10°C/min

212.30C 1. 0.5 h

T T T T T T T T T T T T T T T 1
100 150 200 250 300 350 400 450 500
Temperature / °C

Fig. 9-3 DSC curves of the (LINH+0.7MgH,) mixtures milled for various milling times

(IMP67 mode)
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9-1-3. Reaction pathways occurring during dehydrogeation

To identify the reaction pathways correspondinghicee endothermic peaks for the 25 h
milled (LINH,+0.7MgH,) mixture as shown in Fig. 9-3, samples at differB$C stages
marked in DSC curves as shown in Fig. 9-4 a) welleated and analyzed using both XRD
and FT-IR. When the 25 h milled (LINHO.7MgH,) mixture is heated to 225°C, the
diffraction peaks of LLMg(NH). phase are shown in Fig. 9-4 b), while XRD peakthefLiH
phase disappear. Further heating of the sampl®&@oaBd 500°C leads to the formation of
MgsN; and LiH phases, while XRD peaks of MgHre no longer detectable. Unfortunately,
the strongest Bragg peak (230.64°) of LINH and LbMg(NH), overlaps (the reader is
referred to JCPDS file # 06-0418 and ICSD file #4%3 for LiINH, and LpMg(NH),,
respectively). This overlap renders the XRD tesbirtlusive because the presence of LiNH
cannot be confirmed unambiguously. Therefore, FTatfalysis was performed to establish
clearly the formation of LMg(NH). and the presenad LiNH, in each heating stage. As
shown in Fig. 9-4 c), the FT-IR spectrum of the tmi® heated to 350°C reveals
characteristic absorption lines at 3180 and 3163 f81] for Li;,Mg(NH), and at 3312 and
3258 cnt* [131] for retained LiNH. After heating to 500°C, bINH becomes visible at 3180
and 3258 cil [67]. The presence of NH suggests that the decomposition of retained
LiNH occurs as discussed in Chapter 7. However, teare Mg(NH), phase in any heating
stages, which indicates that this phase is conswan#te initial heating stage. The results of
XRD and FT-IR analyses are summarized in Table 9-1.

To confirm the gaseous species released durindgingeaa temperature programmed
desorption (TPD) test was performed on the mixaireiNH »-MgH, (1:0.7) milled for 25 h,

and the result is presented in Fig. 9-5.
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Fig. 9-4 a) DSC curves of the (LINE+0.7MgH,) mixture milled for 25 h (IMP67 mode), b) XRD

patterns at three temperatures and c) FT-IR absorgbn spectra at two temperatures
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Table 9-1. Reaction pathways for the (LINH+0.7MgH,) mixtures milled for 25 h

(IMP67 mode) (Based on DSC analysis in Fig. 9-4)

T(°C) LiNH, | MgH, | Li,Mg(NH), [ MgsN, | LiH | Mg(NH ), | Li,NH
R.T.
@) @] - - O @] -
(after ball milling)
225 @) @] @] - - - -
350 @) - @] @] O - -
500 - - @] @] @] - @]

(LINH »+0.7MgH>) milled for 25 h

5°C/min
— (IMP67 mode)
p—
S =
= o
S S
QO H2 5
p -
2 o
A >
@ )]
et 7]
a N
T o
e
o ]
o NH; o
I o
=z I

Temperature ( °C)

Fig. 9-5 TPD spectra for the (LiINH:+0.7MgH,) milled for 25 h (IMP67 mode)
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When the mixture is heated to 500°C at a rate @ffain, two hydrogen desorption peaks
exhibiting a doublet with peak temperatures at £©8hd 240°C are clearly observed up to
340°C, which correspond to the first and second endptizepeaks as shown in Fig. 9-4 a).
It clearly indicates that the mixture decomposesairiwo-step reaction to release. H
Moreover, hardly any NEemission (ppm level) is detected in the TPD measents up to
500°C within our experimental accuracy. However, theuteof TPD analysis is beyond our
expectation because we expected the release gfrNtHe temperature range of 420-460
based on the DSC analysis and the corresponding #RCFT-IR analysis as shown in Fig.
9-4; the third endothermic peak is clearly shownthe DSC curve (Fig. 9-4 a)), which
corresponds to the melting and decomposition reaadf LINH, and consequently forms
LioNH and releases NHaccording to reaction (3-3). One clue is the Imgatiate; DSC
analysis was performed at a heating rate of 10°G/miile TPD analysis was processed at a
heating rate of 5°C/min. Therefore, it can be ustberd that if the mixture is heated at a
slow rate (5°C/min), then the decomposition reactd the retained LiNklcan be avoided,
which means that the first and second reactiorbeatompleted.

Markmaitree et al. [131] reported that high-endpgil milling can increase the reaction rates
and alleviate the Npemission problem, but their ball milling conditeowere not sufficient
to solve the NH emission problem of the (LiINH 0.55MgH) mixture. However, it is likely
that the problem is not solely due to ball milliognditions. As can be seen in DSC curves of
mixtures with n=0.55 and 0.6 (Fig. 9-2 b)), thegstams show the third endothermic peak,
which has been used as the indicator to show theedeof the completion of the reaction,
although they don’t have any overlap of the finstl econd endothermic peaks. It indicates

that the above-mentioned reactions are incomptiete,to the kinetic problem between each
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constituent. Thus, NHcan be released during the dehydrogenation, eftenagh-energy
ball milling (IMP67) for 25 h. However, in the castéthe (LINH+0.7MgH,) mixture milled
for 25 h, it can be surmised that the third endothe peak does not come from the kinetic
problem but rather the overlap of both endothenmeiaks because the third endothermic peak
is not shown in DSC curve of the 10 h milled (LipH8.7MgH,) mixture (Fig.9-3), which
means that the reaction can be complete eventatteshorter milling time. Therefore there
are no kinetic issues on this composition. Consetlyjeto improve the reaction rate and
eliminate NH emission, a molar ratio greater than n=0.5, winak been proposed in other
studies [83, 86], is needed. Thus, the optimum mmfo of MgHY/LINH, in our study
should be 0.7 in the (LINHNMgH,) (n=0.55, 0.6, and 0.7) system.

Based on the above analyses, the reaction pathefalggdrogen desorption for the 25 h
milled (LINH»+0.7MgH,) mixture can be proposed. As mentioned above, Lildhpartially
converted to Mg(NH), and LiH by the metathesis reaction with a spegtiantity of Mgh
during ball milling. Thus, at the low temperaturange corresponding to the first
endothermic peak shown in Fig. 9-4 a), the LiN#acts with MgH as reported by Luo et
al.[86] and Xiang et al. [83] (LINEH+0.5MgH® 0.5Li,Mg(NH).+H,), and, simultaneously
newly formed Mg(NH), reacts with LiH as reported by Barison et al. [[135
(0.5Mg(NH,),+LiIH® 0.5Li,Mg(NH)2+H,). Both reactions form EMg(NH), and H.
Therefore, in the first step (at low temperatutieg, reaction can be described as follows:
[0.5XMg(NH;)2+XxLiH]+[(1-X)LiNH , +(0.5-0.5x)MgH}]

® 0.5Li,Mg(NH),+1.0H, (9-1)

where, x is the number of moles of newly formed ditting the ball milling.
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In the second step (performed at high tempergtukggMg(NH), formed through reaction
(9-1) reacts with retained MgHo form MgN,, LiH and H as proposed by Liang et al.
[108] and Dolotko et al. [134]:
0.5Li;Mg(NH),+ MgH,® 0.5MgN,+ LiH + Hy (9-2)
Assuming reaction (9-1) and (9-2) are complete@ytban be described by a series of
sequential reactions as follows:
LiNH »+0.7Mghb
® [0.5XMg(NH)+xLiH]+[(1-X)LiNH > +(0.7-0.5x)MgH)] (after milling for 25h)
® 0.5Li;Mg(NH),+0.2MgH,+H - (after dehydrogenation at low temp.) (9-3)
® 0.4Li,Mg(NH),+0.1MgN,+0.2LiIH+1.2H, (after dehydrogenation at high temp.)
In total, 2.4 moles of hydrogen atoms can be obthifiom the above reaction, which is
approximately 5.8 wt.% of hydrogen. Considering 9patity of the starting materials, the
total maximum hydrogen storage capacity is 5.6 wi2oHowever, if the above-mentioned
reactions cannot be completed, for example, dubemverlap between reaction (9-1) and
reaction (9-2) as shown in Fig. 9-4 a), the rethib@H, is decomposed as follows:
LINH,® O0.5LipNH + 0.5NH; (3-3)
Therefore, the above-mentioned reaction (9-3) @mbdified as follows:
LiNH 2+0.7MgHp
® [0.5XMg(NH,)2+xLiH] + [(1-X)LiNH 2 +(0.7-0.5x)MgH] (after milling for 25h)
® (0.5-0.5y)LpMg(NH)>+(0.2+0.5y)MgH+xLINH »+(1-y)H, (reaction (9-1))
® (0.4-0.75y)LiMg(NH), + (0.1+0.25y)MgN, + (0.2+0.5y)LiH+ yLiNH, (9-4)

+ (1.2-0.5y)H (reaction (9-2))

® (0.4-0.75y)LiMg(NH), + (0.1+0.25y)MgN, + (0.2+0.5y)LiH + (1.2-0.5y)H
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+ 0.5yLpLNH + 0.5yNH; (reaction (3-3))
where y is the number of moles of retained LiNHherefore, the total amount of desorbed
hydrogen reduces to (2.4-y) mol of hydrogen atoersuymit formula of (LINH+0.7MgH,).
Moreover, it is worth highlighting that the relagicontribution of reaction (9-2) to the total
dehydrogenation capacity in reaction (9-4) increas® the amount of the retained LiNH
increases compared to reaction (9-3). It is cleghigwn in reaction (9-4) that the amount of
hydrogen released through reaction (9-1) is redffiveduced by 2y mole of hydrogen atoms,
whereas it is increased by y mole of hydrogen atmmeaction (9-2) compared to reaction
(9-3). However, it should also be mentioned tha #mount of retained LiNHcan be
negligible if the mixture is heated at the low rae mentioned above; therefore the

dehydrogenation reaction pathways are getting closeeaction (9-3) than to reaction (9-4).

9-1-4. Isothermal hydrogen storage behavior

To verify the proposed reaction pathways, the HiND.7MgH,) mixtures milled for 25 h
are dehydrogenated at various temperatures unoar B pressure as shown in Fig. 9-6. As
mentioned above, the hydrogen release in this myses place in a twstep reaction.
Based on the TPD analysis and reaction (9-3), taeimum hydrogen-desorption amount is
4.6 wt.% (corrected for 95% purity) for the firseép of the reaction in the temperature range
of 50-225C and 0.9 wt.% (corrected for 95% purity) for tlee@nd step in the temperature
range of 225-34W, which correspond to 2.0 and 0.4 mol of hydrogéoms per unit
formula of LINH,/0.7MgH,, respectively. In total, 5.6 wt.%Hicorrected for 95% purity),
which is equivalent to 2.4 mol of hydrogen atomssieleased as shown in reaction (9-3). As

can be seen in Fig. 9-6, the mixtures desorb Gl3am.% H in the temperature range of

98



125-225C under 1 bar of § which corresponds to reaction (9-1). With an éase in
temperature, the hydrogen-desorption amount grdunreases. When the temperature is
elevated to 40TC, another 0.8 wt.% of hydrogen is desorbed. lalt&t3 wt.% of hydrogen
is released from the sample upon heating. Althdbghvalue is still less than the calculated
value of 5.6 wt.% K (corrected for 95% purity) from reaction (9-3),can be in good
agreement with the experimental value of 5.3 wt.%add condition that LiNH phase
remains after the dehydrogenation up to°4Q)hus the reaction pathways process through
reaction (9-4).

Dehydrogenation kinetics has also been studie268tC under 1 bar KHpressure for all
samples to investigate the effect of milling duwatiAs can be seen in Fig. 9-7, it is clearly
observed that the hydrogen desorption kinetics haf 1:0.7 LINH/MgH, mixture is
improved by increasing the milling time. The Lib/NIgH, (1:0.7) mixture milled for 25 h
desorbs 4.4 wt.% Hat 250C as shown in Fig. 9-6, which can be consideredhas
maximum hydrogen capacity at 2Z&under 1 bar K

To desorb 4.0 wt.% of Habout 91% of the maximum hydrogen capacity), xune milled

for 25 h only needs 9.5 min, whereas 84 and 20arerrequired for the mixtures milled for
5 and 10 h, respectively. Moreover, the 1:0.7 LN#yH, mixtures milled for 0.5 and 1 h
require more than 100 min to desorb 4.0 wt.% of H

Therefore, in our study, the (LINHO.7MgH,;) mixture milled for 25 h under IMP67 mode

shows the best kinetic properties.
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(LiNH ,+0.7MgH>)
Under 1 bar H »

400°C: 5.3 wt.%

Hydrogen desorbed (wt.%)

125°C: 0.3 wt.%

e

0 1 1 1
0 10000 20000 30000 4000C
Time (s)
Fig. 9-6 Dehydrogenation curves at various temperates under 1 bar H, for the

(LiNH 2+0.7MgH) mixtures milled for 25 h (IMP67 mode)

(LiNH »+0.7MgH.)
250°C/1 bar H, _

3. 5 hmilling
4. 10 h milling
5. 25 h milling

Hydrogen desorbed (wt.%)

O T T T T T
0 1000 2000 3000 4000 5000 6000

Time (s)

Fig. 9-7 Isothermal dehydrogenation curves at 23C under 1 bar H, for the

(LiNH 2+0.7MgH,) mixture milled for various durations (IMP67 mode)
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9-2. (LINH,+0.7MgH,) mixtures with catalysts

9-2-1. Morphology and microstructure of powder mixures

Fig. 9-8 shows EDS mappings of the Mg, N, and Miments of the 25 h milled
(LINH2+0.7MgH,) mixture with 5 wt.% n-Ni. Fig. 9-8 b) shows théstiibution of Mg
element which indicates the Mglnd Mg(NH), phasesand Fig. 9-8 c) represents the
distribution of the LINH and Mg(NH). phases. The figure reveals a homogeneous
distribution of each constituent. The homogeneassiution and intimate contact of each
phase is the most important parameters in improtgreaction kinetics and show full
reversibility; Chen et al. [96] and Barison et [AI35] reported that the reversibility of this
system is dominated by a local interaction betweaitants.

The grain sizes of LiNHand Mgh after milling were estimated from XRD patterns tioe
mixtures without and with 5 wt.% n-Ni in Fig. 9-9 @and b), respectively. It is evident that
the grain sizes of both phases decrease as thegrdllration increases, and its behaviors
are quite similar independent of the addition ot3% n-Ni. The crystallite sizes of both
LiINH, and MgH decrease to 10 nm after ball milling for 25 hisltworth noting that the
longer ball-milling process causes grain size radag therefore, the reduced grain size
results in an increased reaction rate, which iseasonable agreement with the hydrogen

desorption curves of the 1:0.7 LiNiMMgH, mixture shown in Fig. 9-7.
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Fig. 9-8 a) Secondary electron (SE) micrograph andenergy-dispersive X-ray
spectroscopy (EDS) mapping for b) Mg, ¢) N and d) INelements of the

(LiNH 2+0.7MgH) mixture with 5 wt.% n-Ni milled for 25 h (IMP67 m ode)

20 Without catalyst

70 With 5 w t.9% n-Ni

50 + LiNH ,
MgH;

Grain size (nm)
w
o
Il
T

Grain size (nm)
N
o

0 5 10 15 20 25 0 5 10 15 20 25
illi i Milling time (h
a) Milling time (h) b) g (h)

Fig. 9-9 Grain sizes as function of milling timesdr (LiNH »+0.7MgH,) a) without and b)

with 5 wt.% n-Ni (IMP67 mode)
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9-2-2. Thermal behavior

Fig. 9-10 represents DSC curves of {(Lib#td.7MgH,)+5 wt.% n-Ni} mixtures milled for
different amounts of time. It shows that the miggihave similar thermal behavior to that of
the same mixture without n-Ni as shown in Fig. H8wever, the reaction of the mixture
with 5 wt.% n-Ni starts at lower temperatures andsefaster than that without a catalyst,

and the peak temperature is also reduced from 26266 C.

DSC/(mW/mg)
3.04 | exo
4 10°C/min 1.05h
55 2.10h
: _ 206°C 3.25h
2.0
1.5+
] 199.6°C|r
1.0
4 ./'\
Lot
05- N2 e
o LN T
0.0 e Qe N P

100 150 200 250 300 350 400 450 500

Temperature / °C

Fig. 9-10 DSC curves for the (LINH+0.7MgH,) mixtures with 5 wt.% n-Ni milled for

various durations (IMP67 mode)
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The measurements of the apparent activation erargydrogen desorption were collected
using the Kissinger method (Eq.(6-2)). Fig. 9-1Llayws the effect of various heating rates
on DSC profiles, which is an underlying principletbe Kissinger method. It is interesting
to note that in the DSC curve of the mixture heate®C/min, the third endothermic peak is
barely noticeable, which is in good agreement i result of TPD analysis as shown in
Fig. 9-5. The corresponding Kissinger plots forctem (9-1) and reaction (9-2) are shown
in Fig. 9-11 b) and c), respectively, for the (Lik0.7MgH,) mixtures without and with
catalysts milled for 25 h. The excellent correlatiooefficients, R obtained for the
Kissinger plots in Fig. 9-11 b) and c), attest e accuracy of the method. The apparent
activation energies are shown in Fig. 9-12 and 9FhBee interesting effects on the kinetics
in this system are noted from the two figures. tFusder the same processing conditions,
the apparent activation energies for reaction (Fégction (9-1) and reaction (9-2) decrease
dramatically as the molar ratio of MgiiNH , increases from 0.55 to 0.7 in Fig. 9-12.
Second, the kinetic barrier can be reduced by asing the milling time as shown in Fig. 9-
13. Several studies [92, 136, 137] have alreadyprte@ that high-energy ball milling
reduces the particle and crystallite sizes of powaled increases the powder’s specific
surface area and defect concentration. Normally, reduced particle size and increased
surface area result in an increased reaction vebe&ch decreases the apparent activation
energy. A change in the apparent activation enédypically related to changes in the
reaction mechanism or in the energy state of thetamt(s). In our study, it is proposed that
the reduction in the apparent activation energultegrom both the change in the reaction
pathway and an increase in the energy states bf@atstituent induced by high-energy ball

milling.
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DSC/(mW/mg)
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34
24
1_
0 — 1 T T T T T T T x'l\'—-l
100 150 200 250 300 350 400 450 500
a) Temperature / °C

Reaction (9-1)
-9.6 +

Fam Without catalyst
I—Q -10 + y=-86x+76 With 5wt.% n-Ni
= R?=1.0 y=-7.8x+6.1
N R?=0.9
£
-10.4 +
Without catalyst With 5wt.% MnCl
DWith 5 wt.% MnCl , y=-8IX+65
With 5 wt.% n-Ni R2=0.9
-10.8 1 1 1 1 1
1.96 2 204 208 212 2.16 2.2
b) 1000/T, (1/K)
-9.65

Reaction (9-2)

-10.05 + Without catalyst
y=-11.0x+9.9
R?=0.9

With 5wt.% MnCl ,
A y=-10.9x +10.1
R2=0.9

In( /Tp?)

-10.45 +
-10.85 T without catalyst ®
With 5 wt.% MnCl , With 5wt.% n-Ni
With 5 wt.% n-Ni y=-120-_8><+9-8
-11.25 : : | R0
1.76 1.8 1.84 1.88 1.92 1.96
c) 1000/T (1/K)

Fig. 9-11 a) DSC curves at various heating rates rfdhe (LiNH ,+0.7MgH,) mixture milled for 25 h
(IMP67 mode) and b) and c) the Kissinger plots ofhie apparent activation energies of reaction (9-1)ral
reaction (9-2), respectively, after the 25 h milledLiNH »+0.7MgH,) mixtures without and with catalysts
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Fig. 9-12 The apparent activation energies for théLiNH ,+nMgH) (n= 0.55, 0.60 and
0.70) mixtures milled for various durations (IMP67mode):

- Reaction (3-5): LiINH,+0.5MgH® 0.5Li,Mg(NH)+H,
- Reaction (9-1): [0.5XMg(NH),+xLiH] +[(1-X)LINH ,+(0.5-0.5x)MgH,]® 0.5Li,Mg(NH),+1.0H,
- Reaction (9-2): 0.5LjMg(NH) ,+MgH ® 0.5MgN,+LiH+H ;
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Fig. 9-13 Comparison of the apparent activation emngies for the (LINH»+0.7MgH,)
mixture without and with two types of catalysts (nNi and MnCl,) as a function of

milling time (IMP67 mode)
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The third important feature in Fig. 9-13 is theatgic effect of n-Ni and MnGlon the
apparent activation energy of 1:0.7 molar mixtureslifferent milling stages. This effect
clearly indicates that the incorporation of catiysan reduce the kinetic barrier for the
dehydrogenation of the system. In particular, ndNa better catalyst for this mixture than
MnCl, because the apparent activation energy of theHkH9.7MgH,) mixture with n-Ni
milled for 25 h decreases from 71.7 to 65.0 kJ/feolreaction (9-1), whereas it is less

reduced when MnGlis added.

9-2-3. Isothermal hydrogen storage behavior

To verify the catalytic effect on the dehydridikigetics, (LINH+0.7MgH,) with 5 wt.% n-

Ni milled for 25 h was dehydrogenated at variouageratures under 1 bar lgressure as
shown in Fig. 9-14. Similarly to the mixture withtoa catalyst, the hydrogen release in this
system takes place in a tvgtep reaction. Based on reaction (9-3), the hydratgsorption
amount is approximately 4.4 wt.% (corrected for 9afity) for the first step of the reaction
and 0.9 wt.% (corrected for 95% purity) for the @&t step, which corresponds to 2.0 and
0.4 mol of hydrogen atoms per unit of the {(Lib.7MgH)+5 wt.% n-Ni} mixture,
respectively. In total, 5.3 wt.%Hcorrected for 95% purity), which is equivalent2d mol

of hydrogen atoms, is released as shown in rea8i€3). As can be seen in Fig. 9-14, the
mixtures dehydrogenated in the temperature range26{228C under 1 bar of Hrelease
0.5-4.5 wt.% H, which corresponds to reaction (9-1). With an éase in temperature, the
hydrogen-desorption amount gradually increases.n/the temperature is elevated to 200
another 0.7 wt.% of hydrogen is desorbed. In t&a&,wt.% of hydrogen is output from the

sample upon heating.

108



((LINH 2+0.7MgH)+5 wt. % n-Ni)
400°C: 5.2 wt.% Under 1 bar H

R i 300°C.48WLo% 275°C: 4.6 Wt. %
225 & 250°C: 4.5 Wt.%
4 Y= AN 200°C: 4.2 wt%

175°C: 3.6 wt.%
165°C: 3.1 wt.%

150°C: 2.0 wt.%

Hydrogen desorbed (wt.%)

125°C: 0.5 wt.%

0 10000 20000 30000 40000
Time (s)
Fig. 9-14 Dehydrogenation curves at various tempetares under 1 bar H, for the

(LiNH 2+0.7MgH,) mixtures with 5 wt.% n-Ni milled for 25 h (IMP67 mode)

This result is in a good agreement with the amadifitydrogen calculated from equation (9-
1) (5.3 wt.% H). Therefore, the dehydriding reaction pathwayseraosely approach those
of reaction (9-3) if n-Ni is added. Another finding that dehydrogenation curves for the
mixture with n-Ni always show higher hydrogen cafes than the same mixtures without
n-Ni as shown in Fig. 9-6. The only exception ige tturve at 400C, which may be a
sufficiently high temperature to overcome kinetarriers for reaction (9-1) and reaction (9-
2). This striking capacity difference is most likeklated to the catalytic effect of n-Ni on
the dehydriding kinetics. Additionally, Fig. 9-1Bpresents the comparison of dehydriding
curves at various temperatures under 1 baforthe (LiINH+ 0.7MgH,) mixtures without
and with 5 wt.% n-Ni and MngImilled for 25 h. As shown in Fig. 9-15 a), theatgtic
effect of n-Ni becomes more pronounced at lowerpenatures, while, in contrast to n-Ni,

the addition of MnGCl results in no noticeable improvement, as showrkign 9-15 b).
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(LINH ,+0.7MgH>) milled for 25 h/1 bar H,
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Fig. 9-15 Comparison of dehydrogenation curves atavious temperatures under 1 bar
H, for the (LINH »+0.7MgH,) mixtures milled for 25 h (IMP67 mode): a) withoutand

with 5 wt.% n-Ni and b) with 5 wt.% n-Ni/MnCl ,

110



To better understand the reversibility of reacti¢g®-1) and reaction (9-2), the
(LINH 2+0.7MgH,) mixtures with 5 wt.% n-Ni milled for 25 h weredt dehydrogenated at
175 and 400°C under 1 bar of hydrogen, respectidxt, the differently dehydrogenated
samples were hydrogenated under the same conddfohg5°C under 50 bar of hydrogen.
Based on the above analyses, the dehydriding osaati175°C corresponds to reaction (9-
1), whereas both reaction (9-1) and reaction (8€2ur sequentially at 400°C. Fig. 9-16 a)
and b) show the dehydriding/hydriding cycles of theNH,+ 0.7MgH,) mixture with 5
wt.% n-Ni milled for 25 h at two different dehydmgation temperatures of 175 and 400°C
under 1 bar of hydrogen, respectively. It is se®at the hydrogen desorption/absorption
behavior is quite different with different dehydnd temperatures. The mixture
dehydrogenated at 175°C and subsequently hydraegtaatl 75°C under 50 bar of Bhows
full reversibility with 3.6 wt.% H. However, the mixture dehydrogenated at 400°Casgle
5.2 wt.% B, but the dehydrogenated sample absorbs only 3% Wt at 175°C under 50
bar of H, which indicates that the dehydrogenated sam@eaat be completely converted
to their starting states under the present testomglitions. To clarify the reaction pathways
of dehydrogenation/hydrogenation, samples at eagalling stage of dehydriding and
hydriding were collected and analyzed using XRBla®wvn in Fig. 9-17 a) and b). Fig. 9-17
a) clearly shows that tMg(NH).is formed by the dehydrogenation of LibHMgH, (1:0.7)
mixture at 175°C, which corresponds to reactiorl)9in the subsequent hydrogenation
process, Mg(Nk), and LiH appear instead of the ,Mg(NH), phase. Finally, the
Lio,Mg(NH), phase reappears during the dehydrogenation oftipenated mixture. The
appearance of this phase indicates that the rblerseaction is processed between

Lio,Mg(NH), and {Mg(NH,), and LiH} rather than {LiNH and MgH} [83, 86]. Thus, the
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Mg(NH,)./LiH system is thermodynamically more favorablerthiae LiNH/MgH, system,
which has already been experimentally proven by etual. [94].

The only difference between Fig. 9-17 a) and b)his formation of MgN, phase after
dehydrogenation at 400°C. However, this phase sxists even after the hydrogenation
process. Therefore, this phase cannot be hydroggenatder our experimental conditions,
which results in the loss of reversibility, as simow Fig. 9-16 b). XRD results shown in Fig.
9-17 a) and b) are summarized in Table 9-2. With itiformation obtained from the
dehydriding/hydriding cycles and the correspondiXgRD analysis, the reversible
hydrogenation/dehydrogenation processes can belkddy the following reaction:
0.5Li,Mg(NH)+Ho«  0.5Mg(NH)o+LiH (3-6)
Assuming that all reactions are completed and tthetdehydrogenation is processed at the
low temperature range corresponding to the firsiodmermic peak in the DSC curve shown
in Fig. 9-10, it can be described by a series biydading/hydriding reactions as follows:
[0.5XMg(NH;)2+xLiH] +[(1-X)LINH > +(0.7-0.5x)MgH] (after ball milling)

® 0.5Li;,Mg(NH),+ 0.2MgH, + H, (after dehydrogenation) (9-5)

« 0.5Mg(NHy),+ LiH + 0.2MgH; (after rehydrogenation)

Based on reaction (9-5), the maximum reversiblerdiyen amount is approximately 4.4
wt.% (corrected for 95% purity), which correspond<2.0 mol of hydrogen atoms per unit
of the {(LiINH2+0.7MgH,)+5 wt.% n-Ni} mixture.

However, for dehydrogenation in the high temperatange that corresponds to the second
endothermic peak in DSC curve shown in Fig. 9-h@, series of dehydriding/hydriding
reactions is as follows:

[0.5XMg(NH;)2+xLiH] +[(1-X)LINH > +(0.7-0.5x)MgH] (after ball milling)
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® 0.4Li;Mg(NH)2+0.1MgN»+0.2LiIH+1.2H, (after dehydrogenation)
0.4Li,Mg(NH)2+0.1MgN»+0.2LiH+0.8H, (9-6)

« 0.4Mg(NHy),+LiH +0.1MgN, (after rehydrogenation)

It is worth highlighting that 2.4 moles of hydragatoms can be desorbed the first time, but
only 1.6 moles of hydrogen atoms can be absorbéldbanreversible. Considering 95%
purity of the starting materials, the (LiNH).7MgH,) mixture without and with 5 wt.% n-Ni
can initially desorb 5.5 and 5.3 wt.%,,Hrespectively. However, in the subsequent
hydrogenation/dehydrogenation process, only 3.7 aBdwt.% B can be absorbed and
desorbed for the mixture without and with 5 wt.9%n+espectively. This result is in good
agreement with our experimental value of 3.2 wt@hymlrogen for the (LiNEH0.7MgH,)
mixture with 5 wt.% n-Ni shown in Fig. 9-16 b).

Therefore, the (LiNBH+0.7MgH;) mixture is a completely reversible system in the
temperature range corresponding to the first emalotic peak in the DSC curve as shown in

Fig. 9-2 and 9-10.
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Fig. 9-16 Reversibility for the (LINH+0.7MgH,) mixtures with 5 wt.% n-Ni milled for

25 h (IMP67 mode)
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LiNH,, (06-0418)
LioMg(NH), (157493-ICSD)
MgH. (12-0697)

Ni (03-1043)
Mg(NH2)2 (23-0376)
LiH (09-0189)

2" deh.
1% reh.
1% deh.
a)
LiNH (06-0418)
Li2Mg(NH)» (157493-1CSD)
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LiH (09-0189)
MgsN2 (35-0778)
2" deh.
1% reh.
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Fig. 9-17 XRD patterns for the ((LiINH,+0.7MgH2)+5 wt.% n-Ni) mixtures milled for 25
h under IMP67 mode and subsequently dehydrogenatedt a) 173C and b) 400C,

respectively, under 1 bar B and then rehydrogenated at 178C under 50 bar H,

115



Table 9-2. Reversible reaction pathways for the ((INH2+0.7MgH2)+5 wt.% n-Ni)

mixtures milled for 25 h (IMP67 mode) (Based on Sierts analysis in Fig. 9-16 and 9-

17)
T(°C) LiNH 2 MgHZ |_|2|\/|g(NH)2 M93N2 LiH Mg(NH 2)2
Dehydrogenated
at 175C under 1 barH, | © 0o o) i i .
Rehydrogenated
at 175C under 50 bar H, | © © - - 0 o
Re-dehydrogenated
at 175C under 1barH, | © o o : : ]
Dehydrogenated
at 400C under 1barH, | © - o o o ]
Rehydrogenated
At175°C under 50 bar Hp | © - - 0 0 o
Re-dehydrogenated
at 400°C under 1 bar H, O - O o) o) -
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9-3. Discussion of thermodynamic properties

At the beginning of the present study, it was nogretd that MgHis substituted for LiH to
overcome the thermodynamic barriers of the LNiH system; therefore, the
(LiNH »+nMgH,) (n=0.55, 0.60, and 0.70) system is investigated.this section, the
thermodynamic properties of the LiNHVIgH, system are investigated and discussed.

To experimentally confirm the magnitude of the hatpy change (H) of the
dehydrogenation reaction, we performed PCT expearisnasing a step-wise method (see
Chapter 6). Fig. 9-18 a) and c) show step-wise rgi¢ism curves at 160, 170 and 280with
corresponding equilibrium plateau pressures forGa7lmolar ratio LiNH:MgH, mixture
without and with 5 wt.% n-Ni milled for 25 h, respely. The results of the enthalpy and
entropy change values obtained from the Van't Hef&tionship (Eq.(2-2)) are shown in
Fig. 9-18 b) and d) for the same mixture withoud avith n-Ni, respectively. It is evident
that the enthalpy and entropy changes of reacfleh) @re -46.7 kJ/mol and -45.9 kJ/melH
and 136.1 and 134.5 J/molK for the (Lib.7MgH,) mixture without and with 5 wt.% n-
Ni, respectively. Within the experimental errorettd is no measurable effect of n-Ni on the
thermodynamic properties. Moreover, excellent doiedffits of fit to the Van't Hoff lines in
Fig. 9-18 b) and d) provide strong evidence thatdtep-wise method is notably accurate, at
least for the hydride systems investigated in tresgnt work. However, the values of the
enthalpy change obtained in the present work aghtst higher than those reported by
Xiong et al. [84] (-38.9 kJ/molk) and Barison et al. [135] (-40.4 kJ/meg)H

Fig. 9-19 a) and b) shows the plateau pressuréeusperature plots calculated from the
Van't Hoff relationship (Eq.(2-2)) and the thermodynic data in Fig. 9-18 b) and d). It is

evident that the equilibrium temperature at atmesiglpressure of hydrogen (1 bar of) ik
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70.1°C and 68.3°@or the (LINH,+0.7MgH,) system without and with 5 wt.% n-Ni milled
for 25 h, respectively. It is obvious that bothtleése hydride systems can be employed for

hydrogen desorption/absorption below 100

60 4.1
= 18C°C (53.0 bai 44 DH=-46.7 kJ/mol
8 5 3.9 1 D5=136.1 J/(mol - K)
2 3.8
I“ 170°C (40.% bar, Q 3.7 -
40 | £ 36
o f-'
5 . ) 35 -
7)) 160°C (29.¢ bar,
a2 39 | 34 y=-5615x+16.367
0] .
& -~ 3.3 1 R? =0.9999 Reaction (9 -1)
3.2 : . .
20 ‘ ‘ ‘ * * ‘ 2.15 22 2.25 23 2.35
0 100 200 300 400 500 600 700 1000/T TL/K
a) Time (min) b) (Kl
60 4.1
18C°C (539 bar; 4 - [CH=-45.9 kJ/mol
§ so | f 3.9 1 DS=134.5 J/(mol - K)
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T o 3.7
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c)

Fig. 9-18 a) & c) Step-wise desorption curves at wang temperatures and b) & d)
corresponding Van't Hoff plots for the (LINH »+0.7MgH,) mixtures; a) & b) without n-
Ni and c¢) & d) with 5 wt.% n-Ni milled for 25 h (IM P67 mode)

- Reaction (9-1): [0.5xMg(NH),+XLiH] +[(1-X)LiNH ,+(0.5-0.5x)MgH,]@ 0.5Li,Mg(NH),+1.0H,
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Considering the enthalpy change (-62.4 kJ/mol) &nel equilibrium temperature at
atmospheric pressure of hydrogen (256.8°C) of tiéHL-LIH system as discussed in
Chapter 8, the LINWMgH, (1:0.7) mixture has a greater potential for hy@mgtorage
material when applied to automobiles. However,dhae still two main challenges: 1) the
low reversible hydrogen capacity (below 5.0 wt.%) EHnd 2) the kinetic issues. Even the
catalyzed system desorbs only 0.5 wt.%atl 125°C as shown in Fig. 9-12 b) despite high
plateau pressure at that temperature. Thereforae mesearches to improve kinetic

properties and the reversibility are needed.
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Fig. 9-19 Plateau pressure vs. temperature for thgLiNH ,+0.7MgH;) mixture a)

without and b) with 5 wt.% n-Ni milled for 25 h (IM P67 mode)
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10. (LiINH,+1.0MgH,) system

10-1. Hydrogen desorption during ball milling

2.0 IMP67: 1.9 wt.% H
LiNH,+1.0MgH,
S 15
5
~ LES6-4B: 1.1 wt.% H ,
L 1.0
o
[%)]
[%2]
2
0.5 A
LES6-3B & LES6-2B:
No hydrogen loss
0.0 - —@ . @— @
0 5 10 15 20 25
Milling time (h)

Fig. 10-1 Hydrogen loss of the (LiNH+1.0MgH,) during ball milling process in four

different milling modes

Fig. 10-1 shows the amount of desorbed hydrogdinerfLiNH,+1.0MgH,) mixtures during
the ball milling process as a function of millingne under different milling modes. The
amount of hydrogen released from the starting méxts calculated using the ideal gas law
with the measured gas pressure variations withenbll milling jar as shown in Appendix
A-2. It is worth noting that the amount of hydrogdesorbed during the ball milling of
LiINH>-MgH, system strongly depends on the milling energy #émel molar ratio of
MgH/LiNH; because the (LiIN)+nMgH,) (n=0.55, 0.6, and 0.7) mixtures did not show any

pressure changes during ball milling under the leiglrgy impact (IMP67) mode for 25 h as
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shown in Chapter 9. It can be seen from Fig. 10t hydrogen release in the mixture
milled under IMP67 mode suddenly begins after mgjlfor 6 h and gradually increases as
the ball milling proceeds. After 25 h of milling,91wt.% H is released from the mixture of
LiNH>-MgH; (1:1). In contrast to the IMP67 mode, the low-egespearing (LES6-4B (4
balls)) mode results in the release of 1.1 wt.%after 25 h milling. This result indicates that
hydrogen comes from the chemical reaction betweNHE and MgH. However, no
pressure changes during ball milling are shown wuride low-energy shearing (LES6)
modes with 2 and 3 balls. Therefore, solid-solidctmns between LiNHand MgH occur
during ball milling depending on the milling energy reported by Liu et al. [107] and Liang
et al. [108]. To ascertain the chemical process teaurs during the ball milling process,
solid residues at different ball milling stages &ecollected for XRD and FT-IR
characterizations. Fig. 10-2 a) and b) show the Xfalerns and FT-IR spectra, respectively,
of the (LINH+1.0MgH,) mixtures milled under a high-energy impact (IMpP&7ode for
various milling times. The mixture milled under tiMP67 mode for 1 h still consists of the
original LiNH, and MgH phases. After 4 h of ball milling under the saméimg mode, a
small new peak is observed at 44.3°)(2vhich can be assigned to the LiH phase (JCPDS
file No. 09-0189), while the diffraction peaks bktLINH, phase disappear; however, XRD
peaks of the Mghklphase still dominates the XRD pattern. Thus, tiéH; is completely
converted to Mg(Nk), and LiH by the metathesis reaction with MgH02, 107, 108].
However, it is difficult to establish the preseradehe Mg(NH), phase using XRD because
this compound is easily deformed into an amorphsiage under the energetic ball milling

process [107].

122



LiNH 2 (06-0418)

" MgH; (12-0697)
MgNH*

LiH (09-0189)
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25h
a)
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Mg(NH2), MgNH
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/ -
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3400 3350 3300 3250 3200 3150 3100 3050 3000
b)

Fig. 10-2 a) XRD patterns and b) FT-IR absorption pectra for the (LINH ,+1.0MgH,) mixtures

milled for various times (IMP67 mode) (*Ref. # 108.Liang et al Chem. Eur. J. 16 (2010) 693-
702)
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To confirm the presence of the Mg(Mklphase undetected by XRD in Fig. 10-2 a), FT-IR
analysis was performed as shown in Fig. 10-2 b figure clearly shows the formation of
Mg(NH,), with characteristic absorption lines at 3271 aB8863cni* [100] after 4 h milling
under the IMP67 mode. When the ball milling is prajed to 6 and 25 h under IMP67, the
formation of new MgNH phase is detected by XRD grai$ [99, 100, 108] and the FT-IR
spectrum [100], while the intensity of MgHtliffraction peaks in XRD pattern becomes
lowered, which can be interpreted by the graduakumption of this phase to form MgNH
and H.

Fig. 10-3 a) and b) represent the XRD patterndidfH ,+1.0MgH,) mixtures milled under
both low-energy shearing (LES6) modes with 2 antdaBs for 25 h, respectively. The
mixture milled under the LES6-2B mode for 25 h gstssof the original LINH and Mgh
phases. Meanwhile, after 25 h ball milling undez ttES6-3B mode, two small peaks at
38.1° and 44.3° (2 are observed, which can be assigned to the La$@land matched with
JCPDS file No. 09-0189. However, the diffractiorak® of LiINH, and Mgh phases still
dominate the XRD pattern. As mentioned above, tkegnce of the LiH phase suggests that
a certain quantity of the starting mixture is cateé to Mg(NH), and LiH by the
metathesis reaction. The results shown in Fig. 8&¢210-3 are summarized in Table 10-1.
Based on the above analyses, the following reagtaghways during the ball milling under
the high energy impact (IMP67) mode can be propdsetthe first step, LiNKHis converted
to Mg(NH,), and LiH by the metathesis reaction with MdgiH02, 107, 108]:

LiNH,+ 0.5MgH,® 0.5Mg(NH)o+LiH (10-1)
In the second step, Mg(N} reacts with MgH to form MgNH and H, as proposed by Liu

et al. [107] and Liang et al. [108]: 0.5Mg(Mk+0.5MgH, ® MgNH+H; (10-2)
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LiNH» (06-0418)
MgH, (12-0697)
LiH (09-0189)

LES6-3B

LES6-2B

Fig. 10-3 XRD patterns for the (LiNH, + 1.0MgH,) milled for 25 h under two different

milling modes

Table 10-1. Summary of XRD results of the (LINH+1.0MgH,) mixture milled under

various milling modes and times

Milling mode M'"'“(%)“me LINH, | MgH, | Mg(NH), | LiH | MgNH
1 0 0 ] : :
4 : 0 0 0 :
IMP67
6 : 0 0 0 0
25 ; 0 0 0 0
LES6-2B 25 0 0 : : :
LES6-3B 25 0 0 0 0
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The details to determine reaction pathways oaegrduring ball milling are shown in
Appendix A-4. A series of sequential reactionsdof:

LINH+1.0MgH,® LiNH»+MgH; (after 1 h milling)

® 0.5Mg(NHy)2+LiH +0.5MgH, (after 4 h milling) (10-3)
® 0.352MgNH+0.324Mg(NH),+LiH+0.324MgH+0.352H; (after 6 h milling)

® 0.5MgNH+0.25Mg(NH,),+LiH+0.25MgH,+0.5H, (after 25 h milling)

It is interesting to note that further hydrogen atption is possible from a continuous
reaction between the remaining Mg(NHand Mgh. Assuming reaction (10-2) can be
completed, reaction (10-3) can be modified as Wadlo

LiNH»+1.0MgH,® MgNH +LiH+H, (10-4)
Therefore, 4.1 wt.% kcan be released upon the ball milling process¢hvhorresponds to
2.0 mol of hydrogen atoms per unit of the (LiNA.OMgH,) mixture. Considering 95%
purity of the starting materials, the maximum & @1t.% H, can be released.

On the other hand, the following reaction can Ibeppsed for the (LiNbH+1.0MgH,)
mixture milled under low-energy shearing (LES6-3Bdde for 25 h based on the above
analyses:

LiNH »+1.0MgH, ® 0.5xMg(NH,)+xLiH +(1-0.5x)MgHp+(1-X)LiNH- (10-5)
where x indicates that only fractions of LiNldnd MgH are involved in reaction (10-1)
because their diffraction peaks are still obseaféer ball milling as shown in Fig. 10-3 b).
Differences in milling times, milling modes andmiber of balls can affect the milling
energy; therefore, different solid products mayutleduring ball milling depending on the
milling energy. Therefore, ball milling conditiorssgnificantly affect the reaction pathways

of hydrogen desorption in subsequent heating psases
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10-2. Morphology and microstructure of powder mixtues

Fig. 10-4 a) and b) show the backscattered electBSE) micrograph of the (LINH
+1.0MgH,) mixtures milled for 25 h under low-energy shegrihES6) modes with 2 and 3
balls, respectively. Even after ball milling undbe LES6-2B mode for 25 h, the particles
still have a non-uniform patrticle size distributiamh small and large particle populations,
whereas the LES6-3B mode results in a more homagsnparticle size distribution with
smaller particles. However, its distribution stHows large particle populations in Fig. 10-4
b). This result provides a clue to how the millingpde affects the morphology of the
mixture. Furthermore, the specific surface areaAjS8easured from the BET method as
shown in Fig. 10-5 shows the dependence of the @Bthe milling mode. SSA dramatically
increases, while changing the milling mode from lih&-energy shearing (LES6) mode to
the high-energy impact (IMP67) mode, which indisatkat the IMP67 mode is the most
energetic milling mode. The SSA of the mixture edllunder the IMP67 mode for 25 h

increases by almost 75% compared to that of theSEFESmMode.

10-3 Thermal behavior

Fig. 10-6 compares the DSC curves of the (LiINHOMgH,) mixtures milled under LES6-
2B and LES6-3B for 25 h, respectively. Two endatiierpeaks appear in the DSC curves,
which indicate that the mixtures decompose in a-$tep reaction. Both reactions start at
lower temperatures and end sooner for the mixtuledrunder the LES6-3B mode for 25 h
than the LES6-2B mode. In particular, the peak temnapoires for the first and second reaction
are remarkably reduced from 250.1 to 21Q.-and from 357.5 to 298.C by increasing the

number of balls from 2 to 3, respectively.
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a) b)

Fig. 10-4 Backscattered electron (BSE) micrographsf the (LiNH »+1.0MgH,) mixtures

milled for 25 h under two different milling modes:a) LES6-2B and b) LES6-3B
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Fig. 10-5 Specific surface areas of the (LiNj1.0MgH,) without and with the milling

under various milling modes for 25 h
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Fig. 10-6 DSC curves at a heating rate of 2@/min for the (LINH ,+1.0MgH,) mixtures
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Fig. 10-7 Comparison of DSC curves for the (LiINKH+1.0MgH,) mixtures milled for 1 h
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Fig. 10-7 compares the DSC curves of the (LiNHOMgH,) mixtures milled under the
high-energy impact (IMP67) mode for 1 and 25 hpeesively. As shown in Fig. 10-6 and
Fig. 10-7, the mixtures exhibit two endothermic kgeandependent of the milling mode and
time, which indicates that the mixtures decompaseaitwo-step reaction. It is also
noticeable that the peak temperatures correspondimgo endothermic peaks are reduced
from 287.0 to 192 and from 377.0 to 296C by increasing the milling time from 1 to
25 h, respectively.

To confirm the gaseous species released duringngea TPD test was carried out for the
(LINH 2+1.0MgH,) mixture milled under the LES6-3B mode for 25 Hieh is presented in
Fig. 10-8. It is evident that the two hydrogen dpson peaks occur below 400, while
barely any NH emission (ppm level) is detected in the TPD measents up to 50C
within our experimental accuracy. Thus, the two athdrmic peaks shown in Fig. 10-6
correspond to two dehydriding reactions.

5°C/min (LiNH»,+1.0MgH,) milled for 25 h
(LES6-3B mode)

H,

NH;

NH; partial pressure (nTorr)
H, partial pressure (nTorr)

Temperature ( °C)

Fig. 10-8 TPD spectra for (LiNH+1.0MgH,) milled for 25 h (LES6-3B mode)
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10-4. Dehydrogenation behaviors and reaction pathwa

Because investigations of the ball-milled LidMgH, (1:1) mixture by several research
groups [105-107] resulted in different dehydrogemajprocesses, the correlation between
mechanical ball milling and hydrogen-desorptiorctems are elucidated here to understand
the underlying mechanisms of the chemical readtetveen LiINH and MgH with a molar

ratio of 1:1.

10-4-1. (LiNH,+1.0MgH,) mixture milled under the LES6-3B mode for 25 h

Fig. 10-9 a) shows the dehydrogenation curveshef(LiNH,+1.0MgH,) mixture milled
under the LES6-3B mode for 25 h at various tempeeatunder 1 bar HIt is evident that
the same mixtures dehydrogenated at 200, 250, 3@@@0°C under 1 bar of;Helease 3.9,
4.8, 5.6 and 5.8 wt.% Hrespectively. In particular, the mixture can alesorb 0.5 and 1.3
wt.% H, at 125 and 150°C, respectively.

To ascertain the chemical reactions that occumugehydrogenation, the residues after
dehydrogenating at different temperatures wereectdtl and analyzed using XRD and are
summarized in Table 10-2. As can be seen in FigQ b, the XRD pattern of the mixture
dehydrogenated at 200°C shows the diffraction pedkhe newly formed LMg(NH),
phase, whereas XRD peaks of the LiH phase, whichfaaned after 25 h of ball milling,
disappears. As the heating temperature increasesntensity of MgH diffraction peaks in
XRD pattern decreases and finally disappears dgbydrogenation at 400°C. In contrast,
the MgN, and LiH phases start to form at 250°C, and corsattyithe diffraction peaks of

the MgN,, LiH and LbMg(NH), phases dominate the XRD pattern after dehydrogenat
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400°C. These results clearly indicate that the dedgenation of this mixture takes place in
two reactions that form EMg(NH), and {MgNzand LiH}, respectively.
Based on the above analyses, the following reagimthways of hydrogen desorption for
the (LiNH,+1.0MgH;) mixture milled under LES6-3B for 25 h can be meed. As
mentioned above, LiNHis partially converted to Mg(NpL and LiH by the metathesis
reaction with a specific quantity of MgHThus, at the low temperature range corresponding
to the first endothermic peak shown in Fig. 10-éwly formed Mg(NH), reacts with LiH
as reported by Barison et al. [13&hd, simultaneously, the LiNHalso reacts with Mghas
reported by Luo et al.[86] and Xiang et al. [83btB reactions form LMg(NH), and H.
Therefore, in the first step (at low temperatutieg, reaction can be described as follows:
[0.5XMg(NH,)+XLiH] +[(1-X)LiNH »+(0.5-0.5x)MgH]
® 0.5Li,Mg(NH)»+1.0H, (9-1)
In the second step (in the high temperature ramgech corresponds to the second
endothermic peak shown in Fig. 10-6), theMg(NH), formed through reaction (9-1) reacts
with retained MgH to form MgN,, LiH and H as proposed by Liang et al. [108] and
Dolotko et al. [134]:
0.5Li,Mg(NH),+ MgH,® 0.5MgsN,+ LiH + H» (9-2)
Assuming reaction (9-1) and (9-2) are completeer@es of sequential reactions occur as
follows:

[0.5XMg(NH)o+xLiH] +[(1-x)LINH > +(1-0.5x)MgH] (after ball milling)
® 0.5Li;Mg(NH),+0.5MgH+1.0H, (after dehydrogenation at low temp.) (10-6)

® 0.25LbMg(NH),+0.25MgN,+0.5LiIH+1.5H, (after dehydrogenation at high temp.)
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In total, 3.0 moles of hydrogen atoms can be obthiftom the above reaction, which is
approximately 6.1 wt.% of hydrogen. Considering 99tity of the starting materials, total
hydrogen storage capacity is reduced to 5.8 wt.W,0f his result is in excellent agreement

with our experimental value of 5.8 wt.% of Hesorbed at 400°C as shown in Fig. 10-9 a).

Table 10-2. Summary of XRD results of the (LINH+1.0MgH,) mixture milled for 25 h

(LES6-3B) and subsequently dehydrogenated under labH at various temperatures

T¢°0) LINH,  MgH, Mg(NH2), | Li;Mg(NH), MgaN, | LiH

(after bF:lilTr'niuing) o o o i ] o
200 - o _ 5 : _

250 _ o _ ° T

300 _ o _ : i s

400 - ] _ . o

133



(LiNH ,+1.0MgH,) milled for 25 h (LES6-3B)

e 400°C: 5.8 wt.%
300°C: 5.6 wt.%

250°C: 4.8 wt.%
200°C: 3.9 wt.%

4 P VTS Sy S _—— T T T T

175°C: 2.9 wt.%

150°C: 1.3 wt.%

Hydrogen desorbed (wt.%)

125°C: 0.5 wt.%

0 10000 20000 30000 40000
a) Time (s)

Li,Mg(NH)2 (157493-ICSD)
MgH: (12-0697)
LiH (09-0189)
MgzN2 (35-0778)

400°C

300°C

250°C

200°C

b)

Fig. 10-9 a) Dehydrogenation curves under 1 bar Hpressure (atmospheric) at various
temperatures and b) the corresponding XRD patternsfor the (LiNH »+1.0MgH,) mixtures
milled for 25 h under the LES6-3B mode
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10-4-2. (LiNHx+1.0MgH,) mixture milled under the IMP67 mode for 1 h

Fig. 10-10 a) shows the dehydrogenation curvefLH,+1.0MgH,) milled under the
IMP67 mode for 1 h at various temperatures undéarlH. It is evident that the same
mixtures dehydrogenated at 200, 300 and 425°C uhder of H release 1.3, 5.0 and 5.8
wt.% H,, respectively. To clarify the chemical reactiohattoccur during dehydrogenation,
samples were collected after dehydrogenation &rdifit temperatures and analyzed using
XRD. The results are summarized in Table 10-3 kvident in Fig. 10-10 b) that the XRD
pattern of the mixture dehydrogenated at 200°C shine diffraction peaks of the newly
formed LbMg(NH), phase. As the heating temperature increasesntiesity of the Mghl
diffraction peaks in XRD pattern decreases and ffiase completely disappears after
dehydrogenation at 425°C. In contrast, thesNigand LiH phase starts to form at 300°C,
and consequently the diffraction peaks of thesNdg LiH and LbMg(NH), phases dominate
the XRD pattern after dehydrogenation at 425°C.

The figure also shows that the dehydrogenatiothisf mixture is processed by a two-step
reaction that forms kMg(NH), and {MgN, and LiH}, respectively. Therefore, the
following reaction pathways of hydrogen desorption the (LiINH+1.0MgH,) mixture
milled under IMP67 for 1 h can be proposed. Infitst step (in the low temperature range
corresponding to the first endothermic peak in Bi@:7), LiNH, reacts with MgH to form
Lio,Mg(NH),and H as reported by Luo et al. [86] and Xiang et &B]{8

LiNH,+ 0.5MgH® 0.5Li;Mg(NH)2+ H, (3-5)

In the second step (in the high temperature rangesponding to the second endothermic
peak in Fig. 10-7), the kMg(NH). formed through reaction (3-5) reacts with retaiivegH,

to form MgN, LiH and H as proposed by Liang et al.[108] and Dolotko ef14]:
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0.5Li;Mg(NH),+ MgH,® 0.5MgN,+ LiH + Hy (9-2)
Assuming that reactions (3-5) and (9-2) are coreplet series of sequential reactions
follows:

LiNH,+1.0MgH, (after ball milling)

® 0.5Li;Mg(NH),+0.5MgH+1.0H, (after dehydrogenation at low temp) (10-7)

® 0.25LpbMg(NH),+0.25MgN,»+0.5LiIH+1.5H, (after dehydrogenation at high temp)
Finally, approximately 6.1 wt.% of hydrogen is libeed from the mixture, which is
equivalent to 3.0 moles of hydrogen atoms per fontula of the (LINH+1.0MgH,)
mixture. Considering the average purity of thetsigrmaterials (95%), the total hydrogen
storage capacity is 5.8 wt.% ob.HAs shown in Fig. 10-10 a), we obtained the sameusnt

of hydrogen after dehydrogenation at 425°C.

Table 10-3. Summary of XRD results of the (LiINH+1.0MgH,) mixture milled for 1 h

(IMP67) and subsequently dehydrogenated under 1 bat, at various temperatures

T(°C) LINH, | MgH, | Li,Mg(NH), | MgsN, = LiH
(after biilTr'niuing) © O - - -
200 o 0 o ; :
250 : 0 0 ; :
300 : o 0 0 0
350 : : o o o
400 : : o o o
425 : : 0 0 o
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(LiNH ,+1.0MgH ) milled for 1 h (IMP67)

425°C: 5.8 wt.%

350 and 400°C: 5.8 wt.%

300°C: 5.0 wt.%

250°C: 3.7 wt.%

Hydrogen desorbed (wt.%)

0 LJ LJ LJ LJ LJ

0 10000 20000 30000 40000

a) Time (s)
LioMg(NH)2 (157493-ICSD)
LiNH (06-0418)
MgH: (12-0697)
LiH (09-0189)
MgsN.  (35-0778)

§ Mg(OH), (07-0239)

LIOH-H,O (24-0619)

A cu (01-1241)
425°C
400°C

B A
350°C
F - . 300°C
...... ) . 250°C
200°C
b)

Fig. 10-10 a) Dehydrogenation curves and b) XRD pfibes for the (LINH»+1.0MgH,)
mixtures milled for 1 h (IMP67 mode) and subsequemy dehydrogenated under 1 bar

H, at varying temperatures
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10-4-3. (LiNH2+1.0MgH>) mixture milled under the IMP67 mode for 25 h

Fig. 10-11 a) represents the dehydrogenation cufv@SNH,+1.0MgH,) milled under the
IMP67 mode for 25 h at various temperatures undebbal H. The same mixtures
dehydrogenated at 175, 200, 300 and 400°C under afldar release 1.4, 1.9, 3.6 and 4.0
wt.% H,, respectively. It is remarkable that the maximumrbgdn capacity of this mixture
milled under IMP67 mode for 25 h is lower than thexture milled for 1 h under the same
milling mode, due to the hydrogen loss after thé mgling process as shown in Fig. 10-1.
To confirm the chemical reactions occurring durdelpydrogenation, the residues remaining
after dehydrogenation at different temperaturesewetlected for XRD analysis. The results
are summarized in Table 10-4. As shown in Fig. 1)L the XRD pattern of the mixture
dehydrogenated at 200°C shows the diffraction pedkhe newly formed LMg(NH),
phase. As the heating temperature increases, tamesityt of both the MgNH and MgH
diffraction peaks decreases, and the two phasesletatypdisappear after dehydrogenation
at 400°C. Instead of both MgNH and Mgth MgN, phase begins to form at 300°C, and,
finally, the diffraction peaks of MgN,, LiIH and LbMg(NH). phases are detectable in the
XRD pattern after dehydrogenation at 400°C. Thessult® clearly show that the
dehydrogenation of this mixture is also processgdabtwo-step reaction that forms
Lio,Mg(NH), and MgN,, respectively.

Based on the XRD analysis, the following reactiothpays of hydrogen desorption for the
(LINH »>+1.0MgH,) mixture milled under IMP67 for 25 h can be progasin the first step
(in the low temperature range, indicating the fastiothermic peak in Fig. 10-7), Mg(NH
reacts with LiH to form LiMg(NH), and H as reported by Barison et al. [135]:
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In the second step (in the high temperature raongesponding to the second endothermic

peak in Fig. 10-7), the MgNMhich was formed during the milling process reaetth

retained MgH to form MgN, and B as proposed by Liang et al.[108]:

MgNH+0.5MgH, ® 0.5MgN2+H; (10-8)

Assuming reaction (3-6) and reaction (10-8) are mlete, a series of sequential reactions

follows:

0.5MgNH+0.25Mg(NH),+1.0LiH+0.25MgH (after ball milling)

® 0.25LL,Mg(NH)2+0.5MgNH+0.5LiH+0.25MgH+0.5H, (10-9)
(after dehydrogenation at low temp.)

® 0.25LbMg(NH).+ 0.25MgN,+0.5LiH+1.0H, (after dehydrogenation at high temp.)

As a result, 2.0 moles of hydrogen atoms can beradaddrom the above reaction, which is

approximately 4.2 wt.% of hydrogen. Assuming 95% puoi the starting materials, the

maximum hydrogen storage capacity is approximadely wt.% of H, which is in good

agreement with the amount of hydrogen after dehydrogenati400°C as shown in Fig. 10-

11 a).

However, it is worth mentioning that the ternaryridg product, LiMgN, which was

predicted by Alapati et al. [103] and Akbarzadehlef104] is not obtained, even though the

samples milled under various milling mode and daratare heated up to 400°C in our

experiment. Therefore, the dehydrogenation of thalkl.t1.0MgH,) mixture is processed

by a two-step reaction that formsMg(NH), and MgN,, respectively, independent of the

reaction pathways that are affected by the milling enerdydanation.
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(LINH »+1.0MgH>) milled for 25 h (IMP67)

a4 e p——- - —

300°C: 3.6 wt.% 400°C: 4.0 wt.%

275°C: 3.5 wt.%
3 Mmoo 250°C:3Iwto%

225°C: 1.9 wt.%
200°C: 1.6 wt.%

175°C: 1.4 wt.%

Hydrogen desorbed (wt.%)

O ) L) L) L) L)
0 20000 40000 60000 80000
a) Time (s)
LioMg(NH)2 (157493-ICSD)
MgNH*
MgH: (12-0697)
LiH (09-0189)
MgsN2 (35-0778)
Acu (01-1241)

400°C

300°C

200°C

b)

Fig. 10-11 a) Dehydrogenation curves and b) XRD pfites for the (LiINH,+1.0MgH,) mixtures
milled for 25 h (IMP67 mode) and subsequently dehydgenated under 1 bar B at varying
temperatures (*Ref. # 108: Liang et al Chem. Eur. J16 (2010) 693-702)
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Table 10-4. Summary of XRD results of the (LINH+1.0MgH,) mixture milled for 25 h

(IMP67) and subsequently dehydrogenated under 1 bai, at various temperatures

T(°C) LINH, | MgH, | MgNH | Mg(NH,), | Li,Mg(NH), | MgsN, | LiH
R.T.
(after ball - @] @) @] - - @]
milling)
200 - @) O - O - O
300 - @) O - @) O O
400 - - - - O O O

10-5. Reversibility

To understand the reversibility of reaction (9abd reaction (9-2), the (LINH1.0MgH,)
mixtures under LES6-3B for 25 h were first dehydnogted at 175 and 400°C under 1 bar of
hydrogen, respectively. Next, the differently detogeénated samples were hydrogenated
under the same conditions of 175°C at 50 bar ofdyeh. Based on the above analyses, the
dehydriding reaction at 175°C corresponds to read®-1), whereas both reaction (9-1) and
(9-2) occur sequentially at 400°C. Fig. 10-12 ajl &) show the dehydriding/hydriding
cycles of the (LiINH+1.0MgH,) mixture milled under LES6-3B for 25 h at two éifént
dehydrogenation temperatures of 175 and 400°C uhdbar of hydrogen, respectively. The
mixture dehydrogenated at 175°C and subsequentisoggnated at 175°C under 50 bar of
H, has full reversibility of 2.9 wt.% § However, the mixture dehydrogenated at 400°C
releases 5.8 wt.% A but the dehydrogenated sample absorbs only 2% Wb at 175°C

under 50 bar of K which indicates that the dehydrogenated samm@asat be completely
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converted to their starting states under the ptessting conditions. To clarify the reaction
pathways of dehydrogenation/hydrogenation, the umedg at each cycling stage of the
dehydriding and hydriding process were collected @malyzed using XRD as shown in Fig.
10-13 a) and b). The results are summarized ineTAH5. It is very clear that XRD pattern
of the mixture dehydrogenated at 175°C shows tlffeadiion peaks of the bMg(NH),
phase, while after hydrogenation, the diffractiazaks of the Mg(Nk), and LiH phases
appear instead of that of the,Mg(NH), phase as shown in Fig. 10-13 a). Finally, the
Lio.Mg(NH). phase reappears after dehydrogenation of the hgdedgd mixture. The only
difference between Fig. 10-13 a) and b) is the &rom of the MgN, phase after
dehydrogenation at 400°C. However, this phase sxilbts even after the hydrogenation
process. Therefore, this phase cannot be hydroggnatder our experimental conditions
and results in a huge loss of reversible hydroggracity as shown in Fig. 10-12 b).

With the information obtained from the dehydridimgdriding cycles and the corresponding
XRD analysis, the reversible hydrogenation/dehydnagion processes can be described by
the following reaction:

0.5Li;,Mg(NH)+Hz «  0.5Mg(NH)2+LiH (3-6)
Assuming that all reactions are complete and thatdehydrogenation is processed in the
low temperature range that corresponds to the dimgiothermic peak in the DSC curve, as
shown in Fig. 10-6, a series of dehydriding/hydrgdreactions follows:
0.5xMg(NH,)+XxLiH+(1-0.5x)MgH;+(1-x)LiNH,, (after ball milling)

® 0.5Li;Mg(NH),+0.5MgH+1.0H, (after dehydrogenation) (10-10)

« 0.5Mg(NH,),+1.0LiH+0.5MgH, (after rehydrogenation)
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- Dehydrogenated at 175 °C under 1 bar H »

Hydrogen (wt.%)
w

1.1% dehydrogenation : 2.9 wt.%

Yyi S 2.1% rehydrogenation: 2.9 wt.%
3.2" dehydrogenation: 2.9 wt.%

0 T T T T
0 10000 20000 30000 40000
a) Time (s)

6
— 1

5 |

- Dehydrogenated at 400 °C under 1 bar H »
- Rehydrogenated at 175 °C under 50 bar H »

Hydrogen (wt.%)
w

1.1* dehydrogenation : 5.8 wt.%

] 2.1% rehydrogenation: 2.0 wt.%
3.2" dehydrogenation : 2.0 wt.%
0 : ‘ :
0 10000 20000 30000 40000

b) Time (s)

Fig. 10-12 (a) I'and 2" dehydrogenation curves at 175 under 1 bar H, pressure and
corresponding rehydrogenation curve at 17%C under 50 bar H, pressure and (b) {'
and 2 dehydrogenation curves at 408C under 1 bar H, pressure and corresponding
rehydrogenation curve at 178C under 50 bar H, pressure for the (LiNHx+1.0MgH,)

mixtures milled for 25 h under LES6-3B mode
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LioMg(NH), (157493-ICSD)
MgH, (12-0697)
Mg(NH»), (23-0376)
LiH (09-0189)

2" deh.
1% reh.
1% deh.
a)
Li,Mg(NH) (157493-1CSD)
Mg(NH2), (23-0376)
LiH (09-0189)
MgsNz (35-0778)
2" deh.
1% reh.
1% deh.
b)

Fig. 10-13 XRD patterns for the (LiNH+1.0MgH,) mixtures milled for 25 h under the
LES6-3B mode and subsequently dehydrogenated at a}75°C and b) 40C0C,
respectively, under 1 bar B and then rehydrogenated at 178C under 50 bar H,
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Table 10-5. Summary of XRD results of the (LINH+1.0MgH,) mixture milled for 25 h
(LES6-3B) and subsequently dehydrogenated under lab H, at 175C and 400C,

respectively, and rehydrogenated under 50 bar KHat 175C

T(°C) MgH. | LioMg(NH), | MgsN. | LiH | Mg(NH 2),
Dehydrogenated o o ) ) )
At 175°C under 1 bar H,
Rehydrogenated o i ) 0 0

At 175°C under 50 bar H,
Re-dehydrogenated

At 175°C under 1 bar H, © © ] _ i
Dehydrogenated

At400°C under LbarH, | © ° ° ]
Rehydrogenated

At 175°C under 50 bar H, ) ) © © °

Re-dehydrogenated i o o o) -

At 400°C under 1 bar H,

Based on reaction (10-10), the maximum reverdiyldrogen amount is about 4.1 wt.%,
which corresponds to 2.0 mol of hydrogen atomsupérof the (LiINH+1.0MgH,) mixture.
However, in case of dehydrogenation in the highperature range, which corresponds to
the second endothermic peak in the DSC curve,@srsin Fig. 10-6, the reaction pathways
can be described by a series of dehydriding/hyadgideactions as follows:
0.5xMg(NH,)2+xLiH+(1-0.5x)MgH+(1-x)LINH, (after ball milling)
® 0.25LLMg(NH)»+0.25MgN,+0.5LiIH+1.5H, (after dehydrogenation)
0.25LbMg(NH)+0.25MgN,+0.5LiH +0.5H, (10-11)
« 0.25Mg(NH,),+1.0LiH+0.25MgN, (after rehydrogenation)
As a result, 3.0 moles of hydrogen atoms can bertded the first time, but only 1.0 mole of

hydrogen atoms can be absorbed and is reversildsuming 95% purity of the starting
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materials, the (LiINBH+1.0MgH,) mixture can initially desorb 5.8 wt.%,HHowever, in the
subsequent hydrogenation/dehydrogenation proces.2d wt.% H can be absorbed and
be reversible for the mixture. This result is iga@d agreement with our experimental value
of 2.0 wt.% of hydrogen for the (LINHO.7MgH,) mixture as shown in Fig. 10-12 b).
Therefore, the (LINBF1.0MgH,) mixture milled under LES6-3B for 25 h is a contplg
reversible system only in the temperature rangé ¢bharesponds to the first endothermic

peak in the DSC curve as shown in Fig. 10-6.

10-6. Apparent activation energies

The measurements of the apparent activation en&rdgnydrogen desorption according to
various reaction pathways were collected usingdiissinger method (Eq. (6-2)). Fig. 10-14
a) and c) show the effect of various heating rare®SC profiles, which is an underlying
principle of the Kissinger method. The correspogdfissinger plots for each reaction are
shown in Fig. 10-14 b) and d) for the (LiMHL.OMgH,) mixtures milled under the IMP67
mode for 1 and 25 h and under the LES6-3B mode%oh, respectively. The excellent
correlation coefficients, & obtained for the Kissinger plots in Fig. 10-14any d) attest to
the accuracy of the method.

The apparent activation energies of each mixtuteanunder different milling conditions
are not comparable because they have differeneglafter the ball milling, which results in
different dehydrogenation reaction pathways. Corghéo the (LiINH+nMgH,) (n=0.55, 0.6
and 0.7) mixtures discussed in Chapter 9, the effethe milling duration on the apparent
activation energy is not pronounced. However, iteimiarkable that the apparent activation

energies of the (LiNK+1.0MgH,) mixtures milled under the IMP67 mode for 1 h anedo
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than those of the (LINpFNMgH,) (n=0.55, 0.6 and 0.7) mixtures milled under taens
conditions. As discussed in Chapter 9, the appaetitation energy decreases from 188.4
to 112.0 kJ/mol as the molar ratio increases frofd @ 0.7 for the reaction (3-5). In this
study, further increasing the molar ratio to 1.8ufes in an apparent activation energy of
99.4 kJ/mol, which is shown in Fig. 10-15. It renminteresting that the high molar ratio of
MgHJ/LiNH, can improve the kinetic properties of this system.

In this study, there are two interesting findingjshydrogen can be desorbed during the ball
milling process given appropriate milling energydasturation, and 2) milling energy and
duration can affect the reaction pathways for tekbydrogenation of this mixture. It is also
worth highlighting that LiMg(NH), and MgN, are formed by dehydrogenation at low and
high temperatures, respectively, regardless ofrélaetion pathways. However, the ternary
nitride product, LiMgN, which was predicted by A&tpet al. [L03] and Akbarzadeh et al.
[104], is not obtained in our study. Therefore, tlesearch on a higher molar ratio of
MgH/LINH, system can be motivated for obtaining further wsi@dading of the reaction

pathways of the LINBMgH, system.
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Fig. 10-14 a) DSC curves at various heating ratesrfthe (LiNH »+1.0MgH,) mixtures milled for

T T T T T T .' T T T T T T T T 1
100 150 200 250 300 350 400 450 500 1°

d)

17

1.9

1000/T, (1/K)

21

2.3

25 h and b) the corresponding Kissinger plots of # apparent activation energies for the

mixtures milled for 1 h (closed) and 25 h (open),aspectively (IMP67 mode). ¢) DSC curves at

various heating rates and d) the Kissinger plots othe apparent activation energies for the

(LiNH »+1.0MgH,) mixtures milled for 25 h in the LES6-3B mode

- Reaction (3-5): LiNH,+0.5MgH/® 0.5Li,Mg(NH),+H,

- Reaction (9-1): 0.5xMg(NH),+XLiH+(0.5-0.5x)MgH+(1-x)LiINH /@ 0.5Li,Mg(NH),+H,

- Reaction (3-6): 0.5Mg(NH),+LiH « 0.5Li,Mg(NH)»+H

2

- Reaction (9-2): 0.5LjMg(NH) ,+MgH ® 0.5Mg;N,+LiH+H ,

- Reaction (10-8): MgNH+0.5MgH® 0.5MgsN,+H,

148



200

>
>
) i IMP67 mode
2 150 o
ot - Y LES6-3B mode
S = 116.9 —
8 £100 - 994 | B 963 99.1 102.0
23 o | 8 o | © [830 | ¥
3= 2 | © © 2 —

g | 3 8 la @ |2

S 0 o S o =]
S 5o f------- T > 122 |5 |
= W S = S :

1 o N
o ) S |25 |8
o ~ & ®
< £
0
1 25
Milling time (h)

Fig. 10-15 Comparison of the apparent activation esrgies for (LiNH,+1.0MgH,) milled for 1 h

and 25 h under IMP67 mode and for 25 h under the LE6-3B mode, respectively
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11. (LiNH,+1.5MgH,) system

11-1. Hydrogen desorption during ball milling

Fig. 11-1 shows the amount of hydrogen desorpéeiibited by the (LiINH+1.5MgH,)

mixtures during the ball milling process under eliént milling modes as a function of

milling time.

Loss of H 2 (wt.%)

Fig. 11-1 Hydrogen loss of the (LiNH+1.5MgH,) during ball milling process under

LiNH»+1.5MgH> IMP67: 3.0 wt.% H;

LES6-4B: 1.6 wt.% H,

LES6-3B: 0.9 wt.% H,

LES6-2B:
No hydrogen loss

T

A\ T

5 10 15 20 25
Milling time (h)

four different milling modes

The amount of hydrogen released from starting nedseis calculated by using the ideal gas
law with the measured gas pressure variations mithe ball milling jar as shown in

Appendix A-2. As can be seen in Fig. 11-1, under high-energy impact (IMP67) mode,
the release of hydrogen begins and is accelerétixdnailling for 4 h and is almost saturated

after 6 h of ball milling. After 25 h of milling,.8 wt.% H is released from the 1:1.5 molar
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ratio mixture. In contrast to the IMP67 mode, tbe-energy shearing (LES6) modes with 4
and 3 balls result in the release of 1.6 and 0.9ow, after 25 h milling, respectively.
However, any pressure changes during ball milling ot shown under the low-energy
shearing mode with 2 balls (LES6-2B). This resu#tady indicates that the amount of
hydrogen desorbed during the ball milling of LiNMgH, system strongly depends on the
milling energy and the molar ratio of MgiliNH; because more hydrogen in the mixture of
LiNH»-MgH; (1:1.5) is desorbed during the ball milling undes same conditions compared
to the mixture of LINH-MgH; (1:1) as discussed in Chapter 10. Therefore, hyrapmes
from the chemical reaction between LiplBnd Mgh [107, 108], and its chemical reaction
between both starting materials during ball millicen be accelerated as the molar ratio of
MgH./LINH increases.

To determine the reaction pathways that occumdutie ball milling process, solid residues
at different ball milling stages were collected bmth XRD and FT-IR characterizations. Fig.
11-2 a) and b) show the XRD patterns and FT-IR tspexf the (LiINH+1.5MgH,) mixtures
milled under the IMP67 mode for various milling @8) respectively. The mixture milled
under the high-energy impact (IMP67) mode for kil snsists of the original LiNkand
MgH, phases. After 4 h of ball milling under the sam#img mode, the XRD peaks of the
newly formed MgNH [99, 100] and LiH phases are show XRD pattern, while the
diffraction peaks of LINH phase disappear, and the diffraction peaks of Mgitrhse still
dominate the XRD pattern. As mentioned in Chap@rthis result indicates that LiNHs
completely converted to Mg(N#} and LiH by the metathesis reaction with Md#02, 107,

108], and the newly formed Mg(N} partially reacts with Mgkito form MgNH and H.
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b)

Fig. 11-2 a) XRD patterns and b) FT-IR absorption pectra for the (LiNH »+1.5MgH,) milled
for various milling times (IMP67 mode) (*Ref. # 108 Liang et al Chem. Eur. J. 16 (2010) 693-
702)
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Because it is difficult to establish the presentéhe Mg(NH,), phase by XRD, due to its
amorphous state under the energetic ball millingcess [107], FT-IR analysis was
performed as shown in Fig. 11-2 b). The analysanty shows the formation of Mg(NH
with the characteristic absorption lines at 327d @826 crt [100] after 4 h of ball milling
under the IMP67 mode. When the ball milling is prajed to 6 h under IMP67 mode, the
diffraction peaks and the absorption spectrums gNM phase dominates the XRD pattern
and FT-IR spectrum [100], whereas the intensitythef MgH, diffraction peaks and the
characteristic absorption lines of Mg(Mklin the FT-IR spectrum decrease. Finally, after 25
h of ball milling, the characteristic absorptionds of Mg(NH), phase finally disappear;
only MgNH, MgH: and LiH phases are detectable in Fig. 11-2 a) gndhbe interesting
finding is that the MgNH phase forms earlier in thixture of LiINH-MgH> (1:1.5) than the
the mixture of LINBH-MgH;(1:1.0), all of which were milled under the samdling mode.
This phase begin to form after 4 h of ball millingder the IMP67 mode in the (LiNH
1.5MgH,) mixture; in the (LINH+1.0MgH,) mixture, the MgNH phase began to form after
6 h of ball milling in the same milling mode as smoin Chapter 10. This result is clear
evidence that increasing the molar ratio of MiiNH, can accelerate the solid-solid
reactions during ball milling; consequently, a %:iixture milled under the IMP67 mode
releases more hydrogen than a 1:1 mixture millddersame milling conditions.

Fig. 11-3 a) and b) represent the XRD patternthef(LiNH,+1.5MgH,) mixtures milled
under both low-energy shearing (LES6) modes wiem@ 3 balls for 25 h, respectively. It is
evident that the mixture milled under the LES6-2Bda for 25 h consists of the original
LiNH »/MgH, phases and LiH, which indicates that a specifiangity of the starting mixture

is converted to Mg(Nb), and LiH by the metathesis reaction mentioned above
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LiNH» (06-0418)
MgNH*

MgH, (12-0697)
LiH (09-0189)

LES6-3B

LES6-2B

Fig. 11-3 XRD patterns for the (LiINH; + 1.5MgH,) mixture milled for 25 h under two
different milling modes (*Ref. # 108: Liang et al Chem. Eur. J. 16 (2010)93-702)

Table 11-1. Summary of XRD results of the (LiINH+1.5MgH,) mixture milled for

various milling modes and times

Milling Milling time : _
Mode (h) LiINH2 | MgHz | Mg(NH2)2 | LiH | MgNH
1 o o - ; -
4 - 0O 0 0 0
IMP67
6 - 0] 0 0 0
25 - O : 0 0
LES6-2B 25 o) 0 o 0 )
LES6-3B 25 ] 0 o 0 o
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In contrast to LES6-2B, the diffraction peaks efuty formed MgNH phase are detected in
XRD pattern of the mixture milled under the LES6-B8®de for 25 h, while LiNK peaks
disappear in the XRD pattern. This result cleamrygicates that LiNH is completely
consumed to form the Mg(N#p and LiH phases and that a certain quantity of péarimed
Mg(NH,), phase reacts with the original Mgidhase to form MgNH and JHThese results
are summarized in Table 11-1.

Based on the above analyses, the following reagtaghways during ball milling under the
high-energy impact (IMP67) mode can be proposedhérfirst step, LiNH is converted to
Mg(NH>), and LiH by the metathesis reaction with MgH07, 108]:

LiNH,+ 0.5MgH,® 0.5Mg(NH)»+LiH (10-1)
In the second step, Mg(NMH reacts with MgH to form MgNH and H as proposed by Liu
et al. [107] and Liang et al. [108]:
0.5Mg(NH,), +0.5MgHt ® MgNH+H, (10-2)
Based on reaction (10-1) and reaction (10-2) ardjtlantity of hydrogen desorption during
ball milling, as shown in Fig. 11-1, a series dfsential reactions follows:
LINH+1.5MgH,® LiNH+1.5MgH, (after 1 h milling)
® 0.09MgNH+0.455Mg(NH,)>+LiH +0.955MgH+0.09H; (after 4 h milling)
® 0.884MgNH+0.058Mg(NH),+LiH+0.558MgH:+0.884H; (after 6 h milling) (11-1)
® MgNH + LiH+0.5MgH,+1.0H;, (after 25 h milling)

The details to determine reaction pathways ocogrdaring ball milling are shown in
Appendix A-4. It is interesting to note that reaati(10-2) is completed after 25 h of ball

milling. Therefore, 3.2 wt.% FHcan be released during the ball milling proceskickv
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corresponds to 2.0 mol of hydrogen atoms per uhithe (LiNHx+1.5MgH,) mixture.
Considering 95% purity of the starting materiah®g maximum 3.0 wt.% Hcan be released.
On the other hand, the following reaction is pmsgmb for the (LiNH+1.5MgH,) mixture
milled under the low energy shearing (LES6-2B) mtmeé25 h based on the above analyses:
LiNH +1.5MgH® 0.5xMg(NH,)+XLiH +(1.5-0.5x)Mgh+(1-X)LiNH> (11-2)
where x indicates that only fractions of LiNldnd MgH are involved in reaction (10-1)
because their diffraction peaks are still obseaféer ball milling as shown in Fig. 11-3.
Different milling times, milling modes and numbefr balls can affect the milling energy;
therefore, different solid products may result dgrball milling depending on the milling
energy. Therefore, these parameters significarftgctathe reaction pathways of hydrogen

desorption in subsequent heating processes.

11-2. Thermal behavior

Fig. 11-4 compares the DSC curves of the (LiNH5MgH,) mixtures milled under the
LES6-2B mode for 25 h and the IMP67 mode for 1 2Bidh, respectively. Two endothermic
peaks are shown in the DSC curves of the 1:1.5umexhilled under the LES6-2B mode for
25 h and IMP67 mode for 1 h, respectively, while #ame mixture milled under IMP67
mode for 25 h has only one endothermic peak, wsiiatts at 230°C and ends at 380°C. It is
worth noting that the milling mode (energy) can e the reaction pathways from a two-
step reaction to a one-step reaction.

To clarify the gaseous species released duringniggaa TPD test was carried out for the
(LINH2+1.5MgH,) mixture milled under the LES6-2B mode for 25 Imdathe result is

presented in Fig. 11-5. Three hydrogen desorpteake are observed below 400 while
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nearly no NH emission (ppm level) is detected in the TPD mesaments up to 50C
within our experimental accuracy. It is likely thée first and second hydrogen desorption
peaks correspond to the first endothermic peatsiD$C curve (Fig. 11-4) and that the third
peak is related to the second endothermic peak@grsin Fig. 11-4. Moreover, it should be

noted that the intensity of the third desorptiomlpef H is higher than that of the other

peaks.
DSC/(mW/mg)
29 |exo 1.1 h (IMP67)
10°C/min 2. 25 h (IMP67)

3. 25 h (LES6-2B)
303.5°C

14 346.6°C
HE 7\

305.7%

272.1°C,
7\
ke
203.8°C.;..._‘.
0 R E NN AT

100 150 200 250 300 350 400 450 500
Temperature / °C

Fig. 11-4 Comparison of DSC curves for the (LiINH+1.5MgH,) mixtures milled for 1 h

and 25 h under IMP67 mode and for 25 h under the LE6-2B mode

157



(LiNH»+1.5MgH>) milled for 25 h
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Fig. 11-5 TPD spectra for the (LINH+1.5MgH,) milled for 25 h (LES6-2B mode)

11-3. Reaction pathways occurring during dehydrogeation
To further understand the reaction pathways ofLtiNH-MgH, system, the correlation
between mechanical ball milling and hydrogen-detsampreactions is investigated for the

mixture of LINH,-MgH, (1:1.5).

11-3-1. The (LiNH+1.5MgH,) milled under the LES6-2B mode for 25 h

The dehydrogenation curves of (LibkH.5MgH,) milled under the LES6-2B mode for 25 h
at various temperatures under 1 barare shown in Fig. 11-6 a). It is evident that saene
mixtures dehydrogenated at 200, 250, 300 and 4004Wer 1 bar of Krelease 3.1, 4.9, 5.8
and 6.1 wt.% K respectively. In particular, this mixture cancatiesorb 0.4 and 1.0 wt.%
H, at the relatively low temperatures of 125 and Ty0&spectively.

Solid residues were collected after dehydrogegadindifferent temperatures and analyzed

using XRD to ascertain the chemical reactions tlcaur upon dehydrogenation. As seen in
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Fig. 11-6 b), the desorption at low temperaturdevd@50°C results in the formation of the
Lio,Mg(NH), phase, while the diffraction peaks of the Mg and LiH phases dominate the
XRD pattern after dehydrogenation at high tempeestuThe LiMg(NH), and MghH peaks
in the XRD patterns finally disappear after dehggnoation at 400°C. This result clearly
indicates that the kMg(NH), and Mgh phases are completely consumed to form the
MgsN; and LiH phases. This result is summarized in Tahk2.

Based on the above analyses, the following reagimthways of hydrogen desorption for
the (LiNH;+1.5MgH,) mixture milled under LES6-2B for 25 h are prophs@s mentioned
above, hydrogen desorption follows a two-step reactn the first step, which corresponds
to the first endothermic peak shown in Fig. 11-6Mg(NH), and H are formed through
reaction (9-1) [83, 86, 135]. In the second stepictv is related to the second endothermic
peak shown in the DSC curve, Ny LiH and H are formed through reaction (9-2) [134].
Assuming reaction (9-1) and (9-2) are completerées of sequential reactions follows:

[0.5XMg(NH,),+xLiH] +[(1-x)LiNH » +(1.5-0.5x)MgH] (after ball milling)

® 0.5Li,Mg(NH) »+MgH,+1.0H, (after dehydrogenation at low temp.) (11-3)

® 0.5MgsN,+LiH +2.0H, (after dehydrogenation at low temp.)

In total, 4.0 moles of hydrogen atoms can be abthifrom the above reaction, which is
approximately 6.5 wt.% of hydrogen. Assuming 95%itguof the starting materials, the
maximum hydrogen storage capacity decreases twtd4 of H,. This result is in excellent
agreement with our experimental value of 6.1 wtRblipobtained after dehydrogenation at

400°C as shown in Fig. 11-6 a).
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(LiNH ,+1.5MgH,) milled for 25 h (LES6 -2B)
6 | s 400°C: 6.1 Wt%

300°C: 5.8 wt.%
s - 250°C: 4.9 wt.% _

200°C: 3.1 wt.%

175°C: 2.0 wt.%

150°C: 1.0 wt.%

Hydrogen desorbed (wt.%)

125°C: 0.4 wt.%

0 10000 20000 30000 40000
a) Time (s)

Li,Mg(NH), (157493-ICSD)
MgH. (12-0697)
LiH (09-0189)
MgsN2  (35-0778)
400°C
300°C

250°C

200°C

b)

Fig. 11-6 Dehydrogenation curves under 1 bar Hpressure (atmospheric) at various
temperatures and b) the corresponding XRD patternsfor the (LINH »+1.5MgH,)

mixtures milled for 25 h under the LES6-2B mode
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Table 11-2. Summary of the XRD results of the (LiINKH+1.5MgH,) mixture milled for

25 h (LES6-2B) and subsequently dehydrogenated undel bar H, at various

temperatures

T (°C) LlNH 2 MgHz Mg(NH2)2 LIZMg(NH)Z M93N2 L|H

R.T.
(after ball milling) O 0o 0 ] ] o
200 ] o ] 5 _ :
250 ] o - o S .
300 ] o ] o S -
400 ] ) ] _ S .

11-3-2. The (LiNH+1.5MgH;) milled under the IMP67 mode for 1 h

Fig. 11-7 a) shows dehydrogenation curves of (LiNH5MgH,) milled under the high-
energy impact (IMP67) mode for 1 h at various terapges under 1 bar.HIt is evident
that the same mixtures dehydrogenated at 250, 39@25°C under 1 bar of,Helease 3.1,
5.0 and 6.1 wt.% kK respectively. To clarify the chemical reactiomstt occur during
dehydrogenation, the reactants and products afteydtogenation at different temperatures
were collected and analyzed using XRD. As showhRig 11-7 b), the XRD pattern of the
mixture dehydrogenated at 250°C shows the diffoactieaks of the kMg(NH), phase. As
the heating temperature increases, the intensitypaith the MgH and LbMg(NH)
diffraction peaks decreases, and the two phasegpletely disappear after dehydrogenation
at 400°C. The MgN, and LiH phases start forming at 300°C and theatition peaks of the
MgsN, and LiH phases dominate the XRD patterns afteydielgenation above 400°C. It is
clear that the dehydrogenation of this mixture rigcpssed by both reactions, which form

Lio.Mg(NH), and {MgN, and LiH}, respectively. This result is summarizedliable 11-3.
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400-425°C: 6.1 wt.%

350°C: 6.0 wt.%

-
g

300°C: 5.0 wt.%

250°C: 3.1 wt.%

Hydrogen desorbed (wt.%)

(LiNH ,+1.5MgH) milled for 1 h (IMP67)

O L) L) L) L) L)
0 10000 20000 30000 40000
Time (s
a) (s)

Lio>Mg(NH), (157493-ICSD)
MgH, (12-0697)
LiH (09-0189)
MgsN,  (35-0778)

$ Mg(OH), (07-0239)

a MgO (45-0946)

Li,O (12-0254)

LiOH-H,0 (24-0619)

A cu (01-1241)
425°C

A
400°C
3
A 350°C
. a .
300°C
3

250°C

b)

Fig. 11-7 a) Dehydrogenation curves and b) XRD paitns for 1 h milled (LiINH,+1.5MgH,)
mixtures (IMP67 mode) and subsequently dehydrogenatl under 1 bar H at varying

temperatures
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Table 11-3. Summary of XRD results of the (LiINH+1.5MgH,) mixture milled for 1 h

(IMP67) and subsequently dehydrogenated under 1 bai, at various temperatures

T(°C) LiNH, | MgH, | LisMg(NH), | MgsN, | LiH
(after bIZilTr'niuing) © o - - i
250 i o o i ;
300 i 0 o o o
350 i o o o o
400 i i i o o
425 ] ] ] o o

Therefore, reaction (3-5) and reaction (9-2), azwhksed in Chapter 10, occur sequentially
and can be described by a series of sequentidiora@s follows:

LiNH»+1.5MgH, (after ball milling)

® 0.5Li;Mg(NH) ,+MgH,+1.0H, (after dehydrogenation at low temp.) (11-4)

® 0.5MgsN,+LiH +2.0H, (after dehydrogenation at high temp.)

Finally, approximately 6.5 wt.% of hydrogen is liaeed from the mixture, which is
equivalent to 4.0 moles of hydrogen atoms per ohithe (LINH+1.5MgH,) mixture.
Considering the average purity of the starting mate (95%), the total hydrogen storage
capacity is 6.1 wt.% of 5 As shown in Fig. 11-7 a), we obtained the exantesamount of

hydrogen after dehydrogenation at 425°C.

11-3-3. The (LiNH+1.5MgH,) milled under the IMP67 mode for 25 h

Fig. 11-8 a) represents dehydrogenation curve$LdH ,+1.5MgH,) milled under the

IMP67 mode for 25 h at various temperatures undbarlH. It is evident that the same
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mixtures dehydrogenated at 250, 300 and 400°C ubhdber of H release 2.7, 3.0 and 3.2
wt.% H,, respectively. It should be noted that the hydnogapacity of this mixture under
the IMP67 mode for 25 h is lower than the mixtunded for 1 h in the same milling mode,
due to the hydrogen loss after the ball millinggass shown in Fig. 11-1. To confirm the
chemical reactions that occur during dehydrogenatiwe solid residues were collected after
dehydrogenation at different temperatures and aedlysing XRD. As shown in Fig. 11-8
b), the XRD pattern of the mixture dehydrogenated>®°C shows the diffraction peaks of
the newly formed MgN, phase. As the heating temperature increasesntiesities of both
MgNH and Mgh diffraction peaks decrease, and the two phaseplebaly disappear after
dehydrogenation at 400°C. The XRD peaks of thgMd@nd LiH phases dominate the XRD
pattern after dehydrogenation at 400°C. This redekirly shows that the dehydrogenation
of this mixture is processed by a one-step reactimt forms MgN,. This result is
summarized in Table 11-4.

Therefore, this reaction will be followed by reacti(10-8) as discussed in Chapter 10 and
can be described as follow:

MgNH+LiH+0.5MgH, (after ball milling) (11-5)
® 0.5MgsN,+LiH+1.0H, (after dehydrogenation)

As a result, 2.0 moles of hydrogen atoms can lairdd from the above reaction, which is
approximately 3.3 wt.% of hydrogen. Considering 9p@tity of the starting materials, the
maximum hydrogen storage capacity is around 3.20wf. H,, which is in a good agreement

with the amount of hydrogen after dehydrogenatio#08°C as shown in Fig. 11-8 a).
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(LiNH ,+1.5MgH>,) milled for 25 h (IMP67)

250°C: 2.7 wt.%

Hydrogen desorbed (wt.%)

0 10000 20000 30000 40000
Time (s)

MgH, (12-0697)

LiH  (09-0189)

MgNH*

MgsN; (35-0778)
AcCu (01-1241)

400°C

350°C

300°C

250°C

b)

Fig. 11-8 a) Dehydrogenation curves and b) XRD pattns for 25 h milled (LiNH,+1.5MgH,)
mixtures (IMP67 mode) that are subsequently dehydmpenated under 1 bar H at various
temperatures (*Ref. # 108: Liang et al Chem. Eur. J16 (2010) 693-702)
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Table 11-4. Summary of XRD results of the (LINH+1.5MgH,) mixture milled for 25 h

(IMP67) and subsequently dehydrogenated under 1 bai, at various temperatures

T(°C) LINH, | MgH, [ MgNH [ Mg(NHj), | Lio,Mg(NH), | MgsN, | LiH
R.T.
(after ball - @] O - - - 0]
milling)
250 - O @) - - O 0]
300 - O O - - O O
350 - O O - - O O
400 - - - - - O 0]

11-4. Reversibility

To understand the reversibility of reaction (9abd reaction (9-2), the (LiINH1.5MgH,)
mixtures under LES6-2B for 25 h were first dehyanogted at 175 and 400°C under 1 bar of
hydrogen, respectively. The differently dehydrodedasamples were hydrogenated under
the same conditions of 175°C under 50 bar of hyeinogased on the above analyses, the
dehydriding reaction at 175°C corresponds to read{®-1), whereas both reaction (9-1) and
reaction (9-2) occur sequentially at 400°C. Fig:914) and b) show the reversibility of the
(LINH >+1.5MgH,) mixture milled under LES6-2B for 25 h at two éifént dehydrogenation
temperatures of 175 and 400°C under 1 bar of hyrpogespectively. The mixture
dehydrogenated at 175°C and sequently hydrogenateti75°C under 50 bar of ;H
reversibly desorbs and absorbs 2.0 wt.% However, after dehydrogenation at 400°C for

the same mixture, there is no hydrogenation/delggtration, due to the irreversibility of the

MgsN2 phase as discussed in Chapters 9 and 10.
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- Dehydrogenated at 175 °C under 1 bar H »

6 L - - - Rehydrogenated at 175 °C under 50 barH>__ _
I
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c
S
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S
T 2 [ 72 e wpe———
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3
0 ; ; :
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Time (s)
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- Dehydrogenated at 400 °C under 1 bar H »

e 5f
c-
N 1.1% dehydrogenation : 6.1 wt.%
p 2.1% rehydrogenation: 0.0 wt.%
S .l 3.2" dehydrogenation: 0.0 wt.%
o
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Fig. 11-9 (a) ' and 2 dehydrogenation curves at 175 under 1 bar H, pressure and
corresponding rehydrogenation curve at 17%C under 50 bar H, pressure and (b) {'
and 2 dehydrogenation curves at 408C under 1 bar H, pressure and corresponding
rehydrogenation curve at 178C under 50 bar H, pressure for the (LiNHx+1.5MgH,)

mixtures milled for 25 h under the LES6-2B mode
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Li-Mg(NH)2 (157493-ICSD)
MgH: (12-0697)
Mg(NH2), (23-0376)
LiH (09-0189)

2" deh.

1% reh.

1% deh.

Fig. 11-10 XRD patterns for the (LiINH+1.5MgH,) mixtures milled for 25 h under the LES6-2B
mode and subsequently dehydrogenated at 1%5 under 1 bar H, and rehydrogenated at 175C

under 50 bar H,

Table 11-5. Summary of XRD results of the (LiNF+1.5MgH,) mixture milled for 25 h (LES6-
2B) and subsequently dehydrogenated under 1 bar tht 175C and rehydrogenated under 50

bar H, at 175C

T(OC) MgHz Li gMg(NH)z MggNg LiH Mg(NH 2)2
Dehydrogenated 0 o ) ) )
at 175°C under 1 bar H,
Rehydrogenated
at 175°C under 50 bar H, O ) i O o
Re-dehydrogenated 0 o ) ) )
at 175°C under 1 bar H,
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To clarify the reaction pathways of dehydrogendhgdrogenation, the reactants and
products after Sieverts analysis were collectedaaradyzed using XRD as shown in Fig. 11-
10. The results are summarized in Table 11-5 amarlgl indicate that the reversible reaction
is processed between,Mg(NH),and {Mg(NH,), and LiH} as discussed in Chapters 9 and
10.

Assuming that all reactions are complete and #teydrogenation is processed in the low
temperature range that corresponds to the firsbtbedmic peak in DSC curve as shown in
Fig. 11-4, a series of dehydriding/hydriding reaws is proposed as follows:
0.5xMg(NH,)2+xLiH+(1.5-0.5x)MgH+(1-X)LINH, (after ball milling)

® 0.5Li,Mg(NH),+1.0MgH,+1.0H, (after dehydrogenation) (11-6)
« 0.5Mg(NH),+1.0LiH+1.0MgH, (after rehydrogenation)

Based on reaction (11-6), the maximum reversiblérégen amount is approximately 3.2
wt.%, which corresponds to 2.0 mol of hydrogen aoper unit formula of the
(LINH »>+1.5MgH,) mixture. Considering 95% purity of the startimgterials, the maximum
reversible hydrogen amount reduced to 3.0 wt.£ H

However, for the dehydrogenation in the high terapge range that corresponds to the
second endothermic peak in the DSC curve as showigi 11-4, the reaction pathways can
be described by a series of dehydriding/hydrideections as follows:
0.5xMg(NH,)2+xLiH+(1-0.5x)MgH;+(1-x)LINH, (after ball milling)

® 0.5MgsN,+1.0LIH+2.0H, (after dehydrogenation) (11-7)

® No absorption (after rehydrogenation)
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As a result, it is worth highlighting that 4.0 melef hydrogen atoms can be desorbed the
first time but no hydrogen atoms can be absorbédesjuently, which indicates that the

MgsN, phase cannot be hydrogenated under our experihzemditions.

11-5. Apparent activation energies

Measurements of the apparent activation energyyofrogen desorption according to
various reaction pathways were conducted usintesinger method (Eq. (6-2)). Fig. 11-
11 a) and c) show the effect of various heatingsrain DSC profiles, which is an underlying
principle of the Kissinger method. The correspogdfissinger plots for each reaction are
shown in Fig. 11-11 b) and d) for the (LiMHL.5MgH,) mixtures milled under the IMP67
mode for 1 and 25 h and the LES6-2B mode for 2®¢pectively. The excellent correlation
coefficients, R, obtained for the Kissinger plots in Fig. 11-11aby d) attest to the accuracy
of the method.

As can be seen in Fig. 11-12, the apparent amivanergies of each mixture milled in
different milling conditions are not comparable,edto the different reaction pathways.
However, it is remarkable that the apparent adbwatenergies of (LiNkH+1.5MgH)
mixtures milled for 1 h under the IMP67 mode arg@ragimately the same as those of
(LINH>+1.0MgH,) mixtures milled in the same conditions as showiChapter 10. Thus, a
further increase of the MgHmolar ratio to 1.5 does not lead to any furthesrelase in the

apparent activation energy.
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DSC/(mW/mg)

27 |exo 1. 5°C/min 95
Milled for 2 5 h 2.10°C/min y=AL9Tx + 1167
. . R? = 1.00
(IMP67) 3. 15°C/min 10l Reaction (10-8)
n Reaction (9-2
315.2°C =
1 B o5
305.7°C |, =
11 | Reaction (3-5)
y =-11.61x + 9.68
y =-14.06x + 12.24 R? = 1.00
0 115 RE=097, : :
100 150 200 250 300 350 400 450 500 15 16 L7 18 19 2
o 1000/T, (1/K)
a) Temperature/ C b) p
DSC/(mW/mg)
2_
exo 3148°C  1.5°C/min 95
Milled for 25 h & 2. 10°C/min y = -11.56x + 9.62 y= -9.27(_)x +10.29
(LES6-2B) 3. 15°C/min R? = 1.00 R? = 1.00
303.5°C < Reaction (9-2)
14 £ 05
286.3°C [ | £
i\ 41 Reaction (9-1
2132°Cc |
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189.9°c/.7 ) i \'L 2.3 -115 | | |
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c)

Temperature / °C
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1000/T, (1/K)
d)

Fig. 11-11 a) DSC curves at various heating ratesd b) the corresponding Kissinger plots of

the apparent activation energies for the (LiINH+1.5MgH,) mixtures milled for 1 h (closed) and

25 h (open) (IMP67 mode). ¢) DSC curves at variod®eating rates and d) the Kissinger plots of

the apparent activation energies for the (LINH+1.5MgH,) mixtures milled for 25 h under

LES6-2B mode
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Fig. 11-12 Comparison of the apparent activation esrgies for the (LiINH,+1.5MgH,)
milled for 1 h and 25 h under IMP67 and for 25 h under the LES6-2B mode:

- Reaction (3-5): LiINH,+0.5MgH® 0.5Li,Mg(NH)+H,

- Reaction (9-1): 0.5xMg(NH),+xLiH+(0.5-0.5X)MgH+(1-X)LiNH @ 0.5Li,Mg(NH) »+H,
- Reaction (9-2): 0.5LjMg(NH) ,+MgH & 0.5MgN,+LiH+H ,

- Reaction (10-8): MgNH+0.5MgH® 0.5MgN,+H,
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12. Discussion of (LINH+nMgH ) (n=0.55, 0.6, 0.7, 1.0 and 1.5)

Because several research groups [81, 83, 87,8/ shown that composition changes can
enhance the hydrogen-storage capacity of the LiNvig-system, due to changes in the
dehydrogenation/hydrogenation reaction pathways,weee motivated to understand the
underlying mechanisms of the chemical reaction betwLiNH and Mgh with various
molar ratios. In this study, we discuss the effe@fcthe molar ratio of MgHLINH, on the

reaction pathways and the kinetic properties.

12-1. Effect of the molar ratio of MgH, and LiNH, on the reaction

pathways

The reaction pathways of the (LiNd-HhMgH,) mixtures (0.55, 0.6, 0.7, 1.0 and 1.5) during
the ball milling and dehydrogenation/hydrogenatase summarized in Table 12-1. There
are two interesting findings. First, increasing thelar ratio of MgH/LINH, can accelerate
the solid-solid reactions during ball miling depamy on the milling mode (energy);
therefore, a 1:1.5 mixture milled under IMP67 mdaie25 h releases more hydrogen than a
1:1 mixture milled in the same milling conditionds discussed above, the following
reaction pathways during the ball milling can begwsed. In the first step, LiNHis
converted to Mg(NH), and LiH by the metathesis reaction with MghMthout H, release
[107, 108]:

LiNH,+ 0.5MgH,® 0.5Mg(NH)o+LiH (10-1)
In the second step, Mg(NM reacts with MgH to form MgNH with H release, as proposed
by Liu et al. [107] and Liang et al.[108]:

0.5Mg(NH), +0.5MgH, ® MgNH+H; (10-2)
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Table 12-1. Summary of the reaction pathways

Ball milling Dehydrogenation Rehydrogenation*
Millin Reaction pathway Reaction pathway
9 . (Reaction product) (Reaction product)
- H, released Reaction - -
Mode Time Low temp High temp Desorption D.esorpuon
(h) ' ' low temp. high temp.
LiNH ,+0.55MgH, N/A Reaction (10-1) | Reaction (9-1)
LiNH ,+0.6MgH, IMP67 25 N/A Reaction (10-1) | (Li,Mg(NH),&
LiNH ,+0.7MgH, N/A Reaction (10-1) H>) .
Reaction (3-5) | Reaction (9-2)
IMP67 1 N/A N/A (Li Mg(NH),& | (MgsN,& LiH
H>) & H») Reaction (3-6)
Reaction (9-1) (Mg(NH,), & LiH)
LiNH ,+1.0MgH, | LES6-3B 25 N/A Reaction (10-1) | (Li,Mg(NH),&
H.)
Reaction (3-6) .
1.9 wt.% H, . i . Reaction (10-8)
IMP67 25 released Reaction (10-2) | (Li 2Mg|_|(l\)lH)2& (MgaN, & H )
2
Reaction (3-5)
IMP67 1 N/A N/A (L ZM%;_'('\)]H)z& Reaction (9-2) | Reaction (3-6) N/A
2 .
LiNH ,+1.5MgH . Reaction (9-1) (MgiNﬁgg)L'H (MQE?IE)Z)Z&
2 2| LES6-2B | 25 N/A Reaction (10-1) | (Li,Mg(NH),& N/A
Ho)
3.0 wt.% H, . i Reaction (10-8)
IMP67 25 released Reaction (10-2) N/A (MgaN, & H ) N/A N/A

*Comments: Only Li,Mg(NH),can be reversible under 5.0 MPa at 17&, while MgzN,cannot be reversible in the same conditions
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It must be noted that hydrogen can be releasedghroeaction (10-2) during ball milling at
nearly ambient temperature without subsequent frgepgtiocesses depending on the milling
modes and the molar ratio of MgHiNH ».

Second, the dehydrogenation of the LiNWgH, system is processed by a two-step
reaction that forms kMg(NH), and MgN,, respectively, independent of the molar ratio of
MgH./LINH, and reaction pathways that are affected by th&ngikenergy and duration.
The only exception is the (LiNH1.5MgH) mixture milled under IMP67 for 25 h, which
shows a one-step reaction that formssNigat the high temperature range. Although Alapati
et al. [103] and Akbarzadeh et al. [104] predicte®lgN as a product during the
dehydrogenation of the (LiINH1.0MgH,) mixture, this ternary nitride product was not
observed, even though the samples milled undeowsnmilling modes and durations were
heated up to 400°C in our study.

Therefore, the molar ratio of MgHLINH, can significantly affect mechano-chemical
reactions during ball milling, which results in féifent reaction pathways of hydrogen
desorption in subsequent heating processes. Howieproduct is the same, independent of
different molar ratios of MghILiNH ».

Assuming that no hydrogen is released during indling, the available hydrogen capacity
depending on the molar ratio of MgHiNH, can be calculated based on the previously
mentioned reaction pathways. As mentioned aboves LHINH,-MgH, system is
dehydrogenated by a two-step reaction. The fiegh siccurs at low temperatures, while the

second is processed at high temperatures.

175



Temperature (

2
i 6 4 - e ——— = ________
©
Q
©
o o
)
=)
£ 4
O —_ D e
B S
g s
g_’ L= 3 4 - ____________-_-_-_-__ % _ __
2
ES)
2 2t
Q
E 14— > —&— Low temperature reaction
‘© —6— High temperature reaction
5: —i- Total hydrogen capacity
0 T T T T T
0.5 0.7 0.9 1.1 1.3 15

Molar ratio of MgH 2/LiNH»
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Fig. 12-2 The peak temperatures corresponding to thfirst endothermic peak in each
DSC curve as a function of various molar ratios oMgH »/LiNH > mixtures milled for a)

1 h and b) 25 h (IMP67 mode)
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As can be seen in Fig. 12-1, the hydrogen capdegprbed by the first reaction decreases as
the molar ratio of MgHLINH increases, while increasing the Mghholar ratio in the
system causes the amount of hydrogen releasedgtihtba second to increase; therefore, the
total hydrogen capacity gradually increases fromtb.6.4 wt.% H. However, it must be
noted that the reversible hydrogen storage capdeityeases from 5.4 to 3.2 wt.% &b its
molar ratio increases from 0.55 to 1.5 because ¢méy first reaction is reversible as
discussed above.

Therefore, there is no reason to increase the rmmateo of MgH/LINH, to enhance the
hydrogen storage capacity of the LidMgH, system. However, it must be noted that the
1:0.55 and 1:0.6 molar ratio mixtures have the titcnproblems as discussed in Chapter 9.
Therefore, the first and the second reactions dabeocompleted and consequently, the
hydrogen storage capacities for the 1:0.55 and Irtblar ratio mixtures must be less than
the calculated values shown in Fig. 12-1. To deit@enthe optimum composition of the

LiNH »-MgH; system, the kinetic properties must be considered.

12-2. Effect of the molar ratio of MgH, and LiNH, on kinetics

To investigate further the role of MgHn this system, the peak temperatures and the
apparent activation energies vs. the molar rati?MgH,/LiINH, are shown in Fig. 12-2 and
12-3, respectively.

Fig. 12-2 a) and b) present the peak temperathedscorrespond to the first endothermic
peak in DSC curves of LINHVIgH, system milled under the IMP67 mode for 1 h and 25 h
respectively. The peak temperatures dramaticaltyedse as the molar ratio of MgHNH

increases; for example, the peak temperature afikiire milled under IMP67 mode for 1
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h is reduced from 300.9 to 272.1°C as its molao iatreases from 0.55 to 1.5. In Fig. 12-3
a) and b), the corresponding apparent activatie@rgees are plotted vs. the molar ratio of
MgH5 to LiNH; in the mixtures milled under the IMP67 mode fdr &nd 25 h, respectively.
For the mixture milled for 1 h, it is clear thatreasing the MgkKHmolar ratio to 1.0 results
in a more significant reduction of the apparenivation energy. However, a further increase
of the MgH molar ratio to 1.5 does not lead to further deseseaof the apparent activation
energy, suggesting that excessive Mghay be present at the 1LINH.5 MgH, molar ratio.
The lowest apparent activation energy is obsereethie (LINH+0.7MgH,) mixture milled
under IMP67 for 25 h, but in the (LINH1.0MgH,) mixture milled at the same conditions, it
increases, due to the different reaction pathwderdfore, in our study, considering the
reversible hydrogen storage capacity and the kingbperties, the optimum molar ratio of

MgH,/LINH is 0.7 in the LINH-MgH, system.
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13. Summary and Conclusions

13-1. Li-N-H system

(1) High-energy ball milling was applied to mixtsref LiNH, and LiH with molar ratios of
1:1, 1:1.2 and 1:1.4 LiH.

(2) During high-energy ball milling of the 1:1 molaatio mixture, the grain (crystallite) size
of LINH, and LiH decreases monotonically with increasindiimg time. Conversely, the
specific surface area (SSA) of the powder increaseke milling time increases to 25 h and
subsequently decreases as the milling time corgirtoeincrease to 100 h, due to the
excessive agglomeration of powder.

(3) Single-phase LiNKHdecomposes through melting and the release of aanihHs). A
just mixed (LINH+LiH) mixture still mostly decomposes through theltimg of LiNH, and
the release of NI For the hydrogen to be effectively released frtme mixture of
(LINH2+LiH), high-energy ball milling is necessary, whicteates intimate contact between
both components.

(4) The apparent activation energy for hydrogerogason from the ball milled mixture of
(LINH»+LiH) decreases as the SSA of powders increase® @6 nf/g and subsequently
levels off as the SSA continues to increase. Feibtl milled mixture of LiNH and LiH, the
lowest apparent activation energy is observedhferlt1.2 LiH molar ratio.

(5) The major impediment to hydrogen desorptiomftbe ball milled mixture (LiNBHLiH)
system is the hydrolysis and oxidation of a frattad the LiH because it is inactive in the
intermediate reaction, NHLIH® LiNH +H,. Therefore, a LiNRBLIH system will always
release NH as long as part of the LiH becomes inactive, duiaé¢ hydrolysis/oxidation, and

does not take part in the intermediate reaction.
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13-2. Li-N-C-H system with graphite

(1) To prevent LiH from undergoing hydrolysis/oxien during desorption/absorption, 5
wt.% graphite was incorporated in the (Lib#.2LiH) hydride system.

(2) After ball milling for 25 h, graphite is tramstned into an amorphous form.

(3) DSC analysis shows that graphite can preventtofeast substantially reduce the
oxidation/hydrolysis of LiH because the melting eéthe retained LiNHis not observed.

(4) Both the DSC and Sieverts tests show that gddiraphite increases the apparent
activation energy of desorption from 57-58 to 85kd@mol. However, the graphite additive
significantly increases the desorbed/absorbed dgpat hydrogen at 278, 300C and
325°C.

(5) The ((LINH+1.2LiH)+5 wt.% graphite) system is fully revergldnd desorbs/absorbs ~5
wt.% H, at 325C in the following reaction: (LINB#LiH« Lio,NH+H>).

(6) Step-wise desorption tests show that the emyhahd entropy changes of this reversible
reaction are -62.4 kJ/mol and -61.0 kJ/moleind 117.8 and 115.8 J/molK for the
(LINH>+1.2LiH) mixtures without and with 5 wt.% graphitegspectively. Within the
experimental error, there is no measurable effegraphite additive on the thermodynamic
properties of the reaction.

(7) The Van't Hoff analysis of the obtained thermodmic data shows that the equilibrium
temperature at atmospheric pressure of hydrogdnM®a H) is 256.8°C and 253.9°C for
(LINH>+1.2LiH) mixtures without and with 5 wt.% graphiteilled for 25 h, respectively.
Given such high equilibrium temperatures, it is iobg that both of these hydride systems

cannot be employed for hydrogen desorption/absmorielow 100C.
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13-3. (LiINH,+nMgH),) (n=0.55, 0.6 and 0.7)

(1) To overcome the thermodynamic and kinetic basriassociated with the LiNHLIH
system, LiH was substituted with MgH

(2) The (LINH+nMgH,) (n=0.55, 0.6 and 0.7) system is partially coreerto Mg(NH)-
and LiH by the metathesis reaction upon ball ngllin

(3) In DSC, the systems show three endothermic péla&t correspond to the following
reactions:

- 1* end. peak: [0.5XMg(Npo+XLiH]+[(1-X)LiNH »+(0.5-0.5x)MgH]® 0.5Li,Mg(NH),+1.0H,

- 2%end. peak: 0.5bMg(NH),+ MgH,® 0.5MgN+LiH+H

- 3%end. peak: LINH® 0.5Li,NH+0.5NH;

(4) Hy is released through reaction (9-1) and reactie®)(9vhile the NH in reaction (3-3)
results from the incompletion of reaction (9-1) aedction (9-2). In case of n=0.7, reaction
(3-3) results from two overlapping endothermic eakhile it comes from the lack of
reactivity between LiNK and LiH in case of n=0.55 and 0.6 because the geaks are
totally separated.

(5) The lowest apparent activation energy of 71/miol is also observed for the molar ratio
of 1:0.7MgH: milled for 25 h.

(6) The incorporation of n-Ni can reduce the kiodtarrier for reaction (9-1) and (9-2);
therefore, the apparent activation energy of thBlKl,+0.7MgH,) mixture with n-Ni milled
for 25 h is reduced from 71.7 to 65.0 kJ/mol faateon (9-1).

(7) Step-wise desorption tests show that the goyheahd entropy change of reaction (9-1) is

46.7 kJ/molH and 136.1 J/(molK), respectively. The Van't Hoffadysis of the obtained
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thermodynamic data shows that the equilibrium teaipee at atmospheric pressure of
hydrogen (0.1 bar §jis 70.EC.

(8) (LINH2+0.7MgH:) mixture is fully reversible and desorb/absorb Bt H, at 175C in
the reaction (LMg(NH).+2H,« Mg(NHy),+2LiH). However, at a high temperature, the
mixture first desorbs 5.2 wt.%,+at 400C under 1 bar kHbut only absorbs 3.2 wt.%,Ht
175°C under 50 bar Hand desorbs 3.2 wt.%,tat 400C under 1 bar K This difference is

a result of the formation of Miy, during dehydrogenation at a high temperature, thisd
phase cannot be hydrogenated under our experimeonditions. Therefore, the maximum
reversible H capacity for the (LINEH0.7MgH,) mixture is 4.6 wt.% bkl considering the

average purity of the materials (95%).

13-4. (LINH+nMgH>) (n=1.0 and 1.5)

(1) The molar ratio of MghILINH, was increased to 1.0 and 1.5 to increase the bimnit
stored hydrogen in (LINFFNnMgH,) (n=0.55, 0.6 and 0.7) system. It has been regdtat
composition changes are able to enhance the hyalisigeage capacity, due to changes in the
dehydrogenation/hydrogenation reaction pathways.

(2) However, the theoretically predicted LiMgN istrobserved, even after dehydrogenation
at 400C. Instead of this phase,.,Mg(NH), and MgN, are obtained after dehydrogenation
at low and high temperatures, respectively, regasddf the milling mode.

(3) (LiNH2+1.0MgH,) desorbs only 5.8 wt.% 4t 400C under 1 bar Hin contrast to the
theoretically predicted 8.2 wt.%,H

(4) The reaction pathways for the dehydrogenatimrigenation of (LINH+nMgH,) (n=1.0

and 1.5) systems depend strongly on the milling esoand times because the initial ball
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milling induces a metathesis reaction between Lildhd MgH to yield Mg(NH). and LiH
without H, evolution, and Mg(Nk)., reacts with MgH to release hydrogen and form MgNH
as the ball milling proceeds.

(5) In the high-energy milling mode (IMP67), systemith n=1.0 and 1.5 release 1.9 and 3.0
wt.% H, after 25 h, respectively, while in the relativédyv-energy milling mode (LES6-2B
or 3B), both systems produce Mg(Bkand LiH without H after 25 h.

(6) The n=1.0 system milled in the low-energy miji mode (LES6-3B) desorbs
approximately 0.5 and 1.3-3.9 wt.% ldt 124 and 150-200°C, respectively, and the n=1.5
system milled under LES6-2B mode is capable of dsg 0.4 and 1.0-3.1 wt.%at 125
and 150-200°C, respectively.

(7) The low-energy ball milled systems with n=1.0dal.5 fully reversibly desorb and
absorb 2.9 and 2.0 wt.%,Hat 175C, respectively, according to the reversible rescti
Lio,Mg(NH)2+2Hx« Mg(NH,).+2LiH. However, the reversible capacity decreasesthe
dehydrogenation temperature increases due to timeafmn of MgN,, which cannot be
hydrogenated under our experimental conditions. magimum reversible Hcapacity for
systems with n=1.0 and 1.5 are only 3.9 and 3.%w, (purity corrected), respectively.
Therefore, there is no reason to increase the mater of MgH,/LiNH, to achieve greater

hydrogen capacity.
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Appendix A

A-1. Controlled milling modes by changing positiorof magnets in Uni-Ball

Mill 5
Austenitic steel milling vial
4 milling
balls
WD
Nd-Fe-B
magnet
IMP67 LES6
Lid
a) b)

Fig. A-1 Milling modes with two magnets in Uni-Ball Mill 5: (a) high energy impact
mode with magnets at 6 and 7 o’clock positions (IM& mode) and (b) low energy

shearing mode with magnets at 6 o’clock position (ES6 mode)

A-2. Hydrogen storage capacity estimated by pressarvariations during

milling using a volumetric method

Assuming hydrogen behave as ideal gas, one camagstithe mass of absorbed hydrogen

from:
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PVeit = (M/Mp)RT (A-1)
where P is the total pressure changes gfriHa milling period
\Lt is the effective volume of the vial fn
(s = absolute volume — volume of balls — volume &f thaterial)
m is weight of absorbed k)
M; is molar mass of H(g/mol)
T is the temperature (K)
R is the gas constant (8.314J (o)
andhydrogen capacity (wt.% Hy) = m/M, x 100% (A-2)

where M, is the initial powder mass (g)

A-3. Kinetic curves determination by volumetric mehod in a Sieverts-type

apparatus

The Sieverts-type apparatus consist of: a cadrablume determined physically, a reactor
whose temperature is controlled by the temperatongrol system and the cooling system, a
vacuum system, a pressure monitoring system, vawessource of hydrogen and argon
delivery. The quantity of desorbed hydrogen (nundfenolls) is calculated using ideal gas

low:
PV =nRT (A-3)
where P—gas pressure, V—gas volume, n—number @snoblgas, T-absolute temperature of

gas, R—the universal gas constant. The value aitd ohR depend on the units used in

determining P, V,nand T
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o The guantity of gas, n, is normally expressed ifesi0
o The units chosen for pressure and volume are tjypianospheres (atm) and

liters (L), however, other units may be chosen

Pressure Monitoring

System
Vy
T vent
VH VAr
H A
& = 5%
VC VR Vp

Cooling water

<« I —
' Vacuum
) System
Cooling water Ve R !
« |

Cooling System

Temperature Control
System

Fig. A-2 Scheme of Sieverts-type apparatus where:-Transducer, V4 — hydrogen cut
off valve, Va,—argon cut off valve, \b—vacuum system cut off valve, ¥-reactor cut off

valve, Vc—calibrated volume and its cut off valve, V-vent valve, R—reactor

Therefore, R can be expressed for example »atni/mokK where R=0.08206. Let us

assume that we can treat hydrogen as an ideal Bgere beginning of absorption or
desorption the relation between pressure of hyarogea system and number of moles of

hydrogen at temperature T of the analyzed procas$yg described by:

RV =nRT (A-4)
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After desorption or absorption we have:

PV =n,RT (A-5)

where R > P, for absorption and;& P, for desorption
Rearranging Eg. A-4 and A-5, we obtain:

PV PV
=2 (A®6)

n=—
ORT > RT

Therefore, the difference between number of moldg/drogen in the system resulting from

absorption or desorption is:
\
Dn=n-n,=DP ;
n, - N RT (A-7)

whereDP = R — P.

The mass of absorbed or desorbed hydrogen candgatad using number of moles of gas

and molecular mass of hydrogen; m2.016<M which finally gives us:
m, =2 OlGDPi A-8
b =2 T (A-8)

When change in hydrogen mass is known using Eq, ieBcan easily calculate hydrogen

capacity using Eq. A-2.
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A-4. Determination of reaction pathways occurring o ball milling process
LiNH ,+1.0MgH,

® 0.5Mg(NH),+LiH +0.5MgH, (after 4 h milling)

@ 0.352MgNH+0.324Mg(NH),+LiH+0.324MgH+0.3521 (after 6 h milling)

The reaction pathways of (LINHMgH,) occurring after 6 h of ball milling under IMP67
mode can be determined as follows:
The experimental amount of hydrogen:1.37 wt.%&fter 6 h milling)
Considering the purity of the starting materials,
The theoretical amount of hydrogen: 1.37 wt.% 0.95 (the average purity)=1.44 wt.% H
Hydrogen is released during the ball milling by tbkowing reaction:
0.5Mg(NH,),+0.5MgH,@ MgNH+H » (10-2)
Based on the above reaction, the number of molegdrbgen can be determined
Hydrogen capacity (wt.% Hy) = m/M, x 100% (A-2)
where Ms the initial powder mass (Q)

1.44 wt.% = (total weight of hydrogen)/(total molarweight of reactants) 100%
The number of moles of hydrogen is 0.352H

Based on the number of moles of hydrogen, the lstmeetry of each phase
(Mg(NH>)2, MgH,, and MgNH) can be also determined as follows:
0.5Mg(NH),+0.5MgH,® MgNH+H
05 = 05 = 1 1

a : b

c 0.352
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a= 0.5%0.352=0.176, b=0.5*0.352=0.176, and c=5230.352
0.176Mg(NH2),+0.176MgH ,@ 0.352MgNH+ 0.35H

Newly formed phase®€.352MgNH+ 0.35H,

The retained phase$.324Mg(NH),+LiH+0.324MgH,
Therefore, the reaction pathways of (Libd¥gH,) occurring after 6 h of ball
milling under IMP67 mode can be described as fatlow

LiNH »+1.0MgH® 0.352MgNH+0.324Mg(NH),+LiH+0.324MgH »+0.352H;
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Appendix B. Characteristic absorption lines in FT-IR spectra

FT-IR spectroscopy is an absorption technique

It is a kind of vibrational spectroscopy

This instrument covered the wavelength range frobn g to 15 m (wavenumber
range 4000 crh to 660 cnt)
Thewavenumberis a property of a wave, its spatial frequencwgt ik proportional
to the reciprocal of the wavelength

2 2 w
gl 2w

A U, Up
where is the frequency of the wavejs the wavelength, =2 is the angular
frequency of the wave, amglis the phase velocity of the wave
When IR light interacts with the molecule, it atisthe energy and vibrates faster
The infrared spectrum of a sample is collectegpaysing a beam of infrared light
through the sample. Examination of the transmiligiat reveals how much energy
was absorbed at each wavelength. This can be ddheawmonochromatic beam,
which changes in wavelength over time, or by usirgourier transform instrument
to measure all wavelengths at once. From this,aasmmittance or absorbance
spectrum can be produced, showing at which IR vesmgths the sample absorbs.
Analysis of these absorption characteristics reveletails about the molecular
structure of the sample
Infrared spectroscopy exploits the fact that males have specific frequencies
(wavenumber) at which they rotate or vibrate cqroesling to discrete energy levels

(vibrational modes). These resonant frequencieslarermined by the shape of the
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molecular potential energy surfaces, the mass#lseohtoms and, by the associated
vibronic coupling. In order for a vibrational modea molecule to be IR active, it
must be associated with changes in the permang@olediThe frequency of the
vibrations can be associated with a particular bgpd.

There are six different ways for vibration: symnel and antisymmetrical

stretching, scissoring, rocking, wagging and twigti

Table B-1. Summary of the characteristic absorptiorines

Characteristic absorption lines References
(cm™) #
LiNH 3258 /3312 131
Li,NH 3180/ 3250 67
Li,Mg(NH)» 3163 /3180 131
Mg(NH )2 3272/ 3326 100
MgNH 3196 131
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Appendix C. Rehydrogenation behaviour of (LiINH+LiH) system

depending on applied hydrogen pressure

Fig. C-1 Scheme of rehydrogenation behaviours of (NH »+LiH) mixture depending on

applied hydrogen pressure

Possibly, the high pressure hydrogen reacts agla tate with the LINH particle and
subsequently a layer of (LINHLiIH) mixture is immediately created on the pasislurface.
This layer blocks the hydrogen from diffusing intioe particle core which makes the

absorption kinetics slower than those when usimgetdiydrogen pressure (11 bars).
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