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Abstract

Hydrogen is the best energy carrier for all kinds of environmentally friendly energy
sources such as wind and solar energy. Among the various types of material for
hydrogen storage, magnesium is one of the most promising candidates. The objective of
this thesis is enhancement of the hydrogen storage properties of MgH, using different

kinds of catalysts and ball-milling methods.

To increase defects and decrease both grain size and agglomeration, and therefore
hydrogen diffusion paths, a hard nanopowder, SiC, was added to MgH,. Less than
10wt% of SiC improved the sorption kinetics, while more than 10wt% SiC blocked Mg

particles and had negative effects.

In addition to increasing defects and extra improvement of the surface area, the effects
of doping Ni into the MgH,-SiC system were investigated. Additional improvement in
sorption kinetics and hydrogen capacity was achieved by this combination. The rate-
limiting step changed from “‘surface controlled’” for the pure sample to ‘‘nucleation and

three-dimensional growth of the existing nuclei’” for the MgH,-SiC-Ni sample.

As Ti-based body-centred cubic (BCC) alloys have shown superior catalytic effects on
the hydrogen storage properties of magnesium, a new type of BCC, Tig.4Mng22Cro1Vo.2s,
was ball milled with MgH, with different ball-to-powder weight (BPWR) ratios. The

conversion of magnesium to magnesium hydride was much faster in presence of this



catalyst. Both desorption temperature and hydrogen absorption/desorption kinetics were

improved by adding the catalyst and increasing the BPWR.

With the aim of improving the different steps of hydrogen sorption in Mg, a
combination of ball milling Tip4Mng22Cro1Vo2s and multi-walled carbon nanotubes
with MgH, was investigated. Tip4Mno22Cro1Vo2s improved two steps of hydrogen
absorption: dissociation of hydrogen molecules and transformation of hydrogen atoms
into the Mg/BCC interface to form MgH, particles. The effects of CNTs could include
promotion of Mg aggregation along the grain boundaries and facilitated penetration of
hydrogen atoms into interior layers of Mg grains. These effects were in reverse order

during hydrogen desorption.

With the aim of finding optimised fabrication conditions for the Mg-Ni system, various
fabrication methods such as casting, ball-milling, and the combination of casting and
ball milling, and their influence on the hydrogen sorption properties of Mg-6 wt% Ni
alloys were studied. Preparation of Mg + Ni by ball milling led to remarkable hydrogen
sorption properties in comparison with casting as a consequence of introducing defects

and active sites during the ball milling.

Key words: hydrogen storage, magnesium hydride, ball milling, catalyst, silicon

carbide, nickel, Ti-based body centred cubic, carbon nanotube



Table of Contents

ACKNOWIEAGEMENT........oiiiii e e i
ADSEFACT. ... i

Table OF CONTENTS. ..o \Y
LISt OF TaDIES.....ceieieee e X

LIST OF FIQUIES. ...ttt sttt st e e e Xi
Chapter 1: INTrOAUCTION.......coiiiieieee e 1
Chapter 2: LItErature FEVIEW. ........cuoiieieiiesieeiie ettt 5
2.1 BaCKQIOUNG.....c.uiiiiiiiiii ettt 5
2.1.1 TranSPOITALION. .......ceiieieeie sttt 8
2.2 ENErgy SOUICES AN CAITIEIS......eeuiieerieeiesieesieeiesiee e et stee st sreesee e sreenae s 9

2.3 Hydrogen: the best candidate............ccocoeiiiiiiiie i 10

p A o Yo [T T=] DT (0] = To USRS 14

2.4.1 High pressure gas StOrage........ueueeueriereenieseesieeniesessiee e sneesreeseesneens 17

2.4.2 Liquid NYArOQEN....ccviiiieiiieieeiie st 18

2.4.3 Solid state hydrogen storage..........covuviriieiieii i 19

2.5 Hydrogen storage by physisorption.............cooiiiiiiiiiiiiii i e 19

2.5.1 Carbon NANOLUDES...........coeiiiiiicieee e 20

2.5.2 ZB0NIES. .. et 23

2.5.3 Metal Organic Frameworks (MOFS)........c.ccovvviiiiiiiiiiiiiiieiee. 24

2.5.4 Graphite Nanofibers (GNFS)........ccoviiiiriinieie e 25

2.6. Hydrogen storage by chemisorption...........ccoceveiiin e 26
2.6.1 Complex NYArIdES.........ccveiiiiiiiecie e 27
2.6.1.1 Sodium Aluminium Hydride.........coccooveieneniiie e 28



2.6.1.2 Lithium Aluminium Hydride.........ccooovvieieeneiie e 29

2.6.1.3 Magnesium Aluminium Hydride............ccocoinininiiieiincinns 30

2.6.1.4 Calcium Aluminium Hydride...........ccoooviriiiiiieninenieseee, 31

2.6.1.5 Sodium Borohydride..........cccceeeiiiiniiinieieeese e 31

2.6.1.6 Lithium Borohydride...........cccccooiiiiininiiiiese e 32

2.6.1.7 Magnesium Borohydride...........ccocovirinieiiienc s 33

2.6.1.8 Calcium Borohydride..........cccceeeieiiniiiniiiseee e 34

2.6.1.9 Lithium imide and lithium amide...........cccccooviiniiiiiiiien, 35

2.6.2 Metal NYArides.........ooiiieiiieiee e 37

2.7 Magnesium HYArIAE.........ccooiiiiiiieieiee e 41
2.7. 1 INTrOAUCTION. ....ceiiieieiee e 41
2.7.2 HISTOTY ...ttt 41
2.7.3 Structure and PrOPEITIES. ........coiviierierieiesiesies e 42
2.7.4 ThermOAYNAMICS........ccveieieieiiesie et 44
2.7.5 Ball MIIING....coiiiiiii e 45
2.7.6 AQAITIVES. ... 46
2.7.6.1 Transition Metals..........cocvviiiiiniiii e, 46

2.7.6.2 Metal OXIUES.......cceiiiiieieieieee e 48

2.7.6.3 INtermMetalliCS........coveiviiiiiiieeee e 49

2.7.6.4 Graphite and Carbon Nanotubes............cccceveviiniiiiiiiiiee 50
Chapter 3: Experimental methods and materials............ccccovovevenieninie e 52
B L IMALEITAIS. ... 52
3.2 MaterialS SYNTNESIS. .......cuiirieieee e 53
3.2.2UnNi-Ball-Mill 5. 53
3.2.2 QIM=3SP2...c e 54



3.3 PhySICal @NaAIYSIS.......ecveiiieiieie e
3.3.1 X-Ray diffraCtion.........coeiiiiiiiieiee e
3.3.2 Transmission Electron MIiCrOSCOPY.........eoerveriririeieiierenie e
3.3.3 Scanning Electron MICrOSCOPY........couerveriererieriiniesiiseeieiese e
3.3 A BET et

3.4 Hydrogen SOrption PrOPEItIES. .......cciveirererererisiisieeieieie st
3.4.1 Differential Scanning Calorimeter...........ccoovviiirinieieiese s

3.4.1.1 DSC QL00........coveoeeeeeeeereeeeeeereeeeeseeeeeeseeeeseeeeeees e eese e

3.4.1.2 Mettler Toledo DSCL........ccoiiiiiiiiiieieeee e

3.4.2 Hydrogen CONTENL.........cooiiiiieieienese s
Chapter 4: Hydrogen storage properties of MgH,—SiC composites

A1 INEOTUCTION. ...ttt bbb

4.2 SaMPIe Preparation.........c.ccoieieieiiiesie et

4.3 STTUCTUTE. ...ttt b e
4.3.1 X-ray diffraCtion........ccccoiiiiiiiiiieeee s
A3 2TEMAnalysis. ... ..o

A A MOIPNOIOGY ... e e

4.5 Thermal @NalYSIS. .......ccoviiiiiiiieee e

4.6 Hydrogenation and deSOrptioN...........cccoverererireninesieeeee e
4.6.1 Hydrogen ADSOIPLION. .. ... vuee e et e e e e e e
4.6.2 Hydrogen DesOrption. .. ......c.uieuie i et e ee e
BB, 3 Pl et

4.8 CONCIUSTON. .. ..ttt e e e e e e e e e e e e e e e

Chapter 5: Effects of SiC nanoparticles with and without Ni on the hydrogen

storage Properties Of MOH . ..o s

Vi

64

64

65

66

66

68

69

71

72

73

74



LN I 01 1 (oo [ o3 £ o TR 79

5.2 SamMPIES™ Preparation...........cocueveieierieriene st 80
5.3 X-ray dITIraCtION. ......coviiiieiiiiec e 81
5.4 MOTPROIOGY ... . e e e 83
5.5 Thermal @nalYSIS. ........ccoveiiiiiiiiie s 85
5.6 Hydrogenation and deSOrPtioN..........ccceoereriieniniesisieeiee e 86

5.6.1 Hydrogen ADSOrption...........ccvviieeiie i e ieiieeiieeenneneeen. 80

5.6.2 Hydrogen desorption............ccovveieeineiiniiine e ieiieeiie e neneeen. 87

58,3 Pl 88

5.7 Hydriding/dehydriding Kinetic investigation.................cccocvvvnennn 89

5.8 CONCIUSION. .. .ceee e e 92

Chapter 6: Hydrogen storage properties of Mg-BCC composite..........c.c.ccce..... 94

6.1 INEFOAUCTION. ....c.eiiiiiiiieiee et bbb 94

6.2 SAMPIEe Preparation...........cooiiiiiiieieee s 94

6.3 X-ray QITITaCION. ..o 96

6.4 MOTPROIOGY ... . e e e e 97
6.5 Thermal @nalYSIS..........covoiiiiiiie s 100
6.6 Hydrogenation and deSOrption...........cocveierierinenesi s 101
6.6.1 Hydrogen ADSOIPLION. .........coiiiiirieieesie e 101
6.6.2 Hydrogen deSOrptioN..........ccccuiieieierieniesie e 102
B.6.3 PCL . 103
6.8 CONCIUSION. ...t 104

Chapter 7: Effects of BCC alloy with and without CNT on the hydrogen
storage Properties Of MOH . ..o s 105

T L INTTOAUCTION. .., 105

Vil



7.2 SAMPIES” PreParatioN........ccccieeieieeieeie e se e e e e e sae e nns 105

7.3 X-ray diffraction of as-prepared Samples...........ccocovviviinininienenene e 106
7.4 MOTPROIOGY....ceeeeiiiie e 107
7.5 DeSOrption TEMPEIATUIE. ..........eiuiiierieiieieieie ettt 109
7.6 Hydriding and dehydriding.........ccocooieiieieneieeee e 110

7.6.1 Hydrogen absorption and desorption at 300 °C.........cccccceviverveieieenn. 110

7.6.2 Hydrogen absorption and desorption at 250 °C..........cccccevvverveiieinenne. 111
7.7 XRD after dehydrogenation............ccouveiieieiieniene s 112
7.8 DISCUSSION. ...ttt bbbttt e e bt sttt ene e 113
7.9 CONCIUSION. ...ttt 115

Chapter 8: A multi-scale production approach for Mg hydrogen storage

AIIOYS. . 117
8L INTrOAUCTION. ...t 117
8.2 SAMPIE PreParatioN. ..........coiiiriiiiieieiee et 118
8.3 X-TaY PALEINS. .....eeiieiiiieeie e 119
8.4 MOIPROIOGY ... ..t 120
8.5 Hydrogen absorption and deSorption...........ccceoeverireneniinieeeiese e 122

8.5.1 Hydrogen abSOrptioN...........cccuiirieieriiienie e 122

8.5.2 Hydrogen desorption at 250 °C...........ccooiviriiiiieienese e, 124

8.6 XRD patterns of hydrogenated Samples...........cooovivirieiinenencnecseeee, 125
8.7 DeSOrption TEMPEIATUIE......cveiveieiireriesieeieei ettt 126
8.8 CONCIUSION. ...ttt 127
Chapter 9: Summary and CONCIUSION..........cceiiiiiiieree s 129

10.1 MgH2-SiC COMPOSITES. .. ... vt e et ee e eee e e ee e e eeene e e, 129

10.2 Mg-SiC-Ni nanoCOMPOSITES. .. ... vvvveniieieeiiieiineeeveiieeiieeenieeene. 130

viii



10.3 MgH2-BCC COMPOSILES.....ueeereeeeeeie e eeeeeeevenieienieneeeneenen. 131

10.4 MgH2-BCC-CNT COMPOSITION. ....c.iiiiiiiiiieiieiiie et 132
10.5 Mg-Ni as-cast, ball-milled and ball-milled-cast samples............cc.ccocvvinnne 133
RETEIENCES. ...ttt ne s 135
o] (0] 0}/ 10 RSP PR PR 154
PUBDICATIONS. ...t bbb 155



List of Tables

Table 2.1 Fossil fUel 1eSeIVes. .. ..uvuieiiii i
Table 2.2 Motivity factors for different fuels....................ooooiiiiin,
Table 2.3 Comparison between ®@,s of fossil fuels and hydrogen.......................
Table 2.4 US DOE hydrogen storage targets for mobile application. .................

Table 2.5 Comparison of main characteristics of various hydrogen storage

Table 2.6 Hydrogen storage capacity of some complex hydrides.......................
Table 2.7 Kinetic equations related to different rate-limiting steps. f = reacted
fraction, t = time, k = reaction rate constant, CV = contracting volume model
and JMA = Johnson-Mehl- Avrami model. ..o,
Table 3.1 Description of used materials. ..............cooviiiiiiiiiiiiiiiii e,
Table 4.1 Absorption rates, capacity, and hysteresis factor for MgH, and MgH, +
X wt% SiC (X = 5%, 10%, or 20%) Samples. .......ccevvriiriiiiiiiiiieiiiiaiienennn,

Table 8.1 A brief information about the fabricated samples with used code. ............

11

12

13

35

52

74

119



List of Figures

Figure 2.1. Evolution of Annual Crude Oil Production. ................coooviiiiin... 5
Figure 2.2. 1973 and 2007 regional shares of CO, emissions per capita. ................... 7
Fig. 2.3. Transport percentage shares of CO; emissions in 2005. ............c..oveennnn.. 8
Fig 2.4. Schematic diagram of a PEM fuel cell. ...............oooiiiiiiiiii e 14
Fig 2.5. Typical compressed hydrogen storage tank. ...............cooooiiiiiiiniinninnne. 17

Fig. 2.6. A 120 liter liquid hydrogen tank (left) and its schematic structure

(TRt o e e 18
Fig. 2.7. Schematic physisorption on surface. ..............cococeeiiiiiiiiiiiiiiiiniinn.. 20
Fig 2.8. (a) Piece of a graphene sheet, (b) and (c) models of a carbon nanotube........... 21
Fig 2.9. Adsorption sites in bundles of single wall nanotubes. ............................. 21

Fig. 2.10. Framework structures of zeolites: (a) zeolite A, (b) zeolites X and Y,
and () zeolite RNO. ... ...t 23
Fig. 2.11. Crystal structure of metal organic frameworks: (a) MOF-5; (b) HKUST-1

(cavities, yellow and blue balls); (c) MIL-101, and (d) MOF-74 or CPO-27-Co(Ni)

(metals, cyan; oxygen, red; carbon, SIeY). .......ouvueiuiirieiiiiiii e 25
Fig. 2.12. Schematic diagram of a catalytically grown carbon nanofiber. ................. 26
Fig 2.13. Hydrogen absorption process in metals. ...........cocooeitiviineiniininennn.. 27
Fig 2.14. Crystal structure of Mg(AlH4), along the a-axis (a) and the c-axis (b). ........30

Fig. 2.15. Ideal PCI curve (left-hand side) and the corresponding Van’t Hoff plot
(right-hand side) for a metal hydride. ... 37
Fig. 2.16. Crystal structure of B-MgHo. ..o 43
Fig 3.1. Milling vial and magnet mounted in Uni-Bball-Mill for the mechanical

StrONG IMPACT TNOAE. ... e ettt et e e e e e e et e e e neaeas 53

Xi



Fig. 3.2. Motion of balls in the magnetic ball mill. ........................o . 54

Fig 3.3. a) QM-3SP2 planetary ball mill. b) A schematic diagram of the planetary

DALl NIttt eee e 55
Fig 3.4. DSC QI00. . ...ttt e 58
Fig 3.5. Mettler Toledo DSC1 apparatus. ........c.oovieuiiniiineeniiteiteaeeieeaeeeenaanan 59

Fig. 3.6. (a) AMC Gas Reaction Controller. (b) A schematic of the chambers in the
GRO UNIL. ¢t e 61
Fig. 4.1. Change of hydrogen pressure inside the ball-milling vial as a function

of the ball-milling tiMe..........cooiiiiiiiiiiiriieiee et eree e e e e ae e e e ae 00000
Fig. 4.2. X-ray diffraction patterns of the as-milled samples.........c.cccecereeerirviriencnnnen. 67
Fig. 4.3. TEM images of the as-prepared MgH, + 20 wt% SiC sample: (a)

bright-field and (b) dark-field images at low magnifications; (c) dark-field image

at higher magnification. Inset in (c) is the SAED pattern of the as-prepared

MgH; + 20 Wt% SiC SAMPIe.....enetiiiiie e 69
Fig. 4.4. SEM images of the as-milled samples after 24 h ball milling: (a) un-doped;

(b) 5 wt% SiC; (¢) 10 wt% SiC; and (d) 20 wt% SiC doped MgH, samples.............. 70
Fig. 4.5. DSC curves of as-milled samples after 24 h ball milling........................... 72
Fig. 4.6. Comparison of hydrogen absorption kinetics of the MgH, and the

MgH, + x wt% SiC (x =2, 5, 10, 20), at 350 °C under 30 bar hydrogen................... 73
Fig. 4.7. Hydrogen desorption of the MgH, and the MgH, + x wt% SiC

(x=2,5, 10, 20) under an initial hydrogen pressure of ~0.1 bar at 350 °C................ 75
Fig. 4.8. Comparison of PCI absorption and desorption curves of the MgH, and the
MgH, + X wt% SiC (X =5, 10, 20 wt%), at T=350°C.......ccceiiiiiiiiiiiiniinnen. 76
Fig 5.1. Change of hydrogen pressure inside the ball milling vial as a function

of the ball-milling time. ... ... e 81

Xii



Fig. 5.2. XRD patterns for as-prepared samples............c.coooviiiiiiiiiiiiiiiiiiieenns 82
Fig. 5.3. X-ray diffraction patterns of the MgH,+5wt% SiC+10wt% Ni sample after
dehydrogenation. ... .....ovuiii e 83
Fig. 5.4. SEM images for the samples: (al) pure MgH,, (a2) MgH,—SiC 5wt%,

(a3) MgH,—SiC 5wt%—-Ni 10wt%. The scale bar for all of the samples is 10 ............. 83
Fig. 5.5. Mapping of the MgH,—SiC—Ni sample: (b1) shows a micrograph of the

overall area of the sample to be mapped. (b2), (b3) and (b4) show the elemental

mapping of Mg, Ni and Si, respectively...........cooiiiiiiiiiiiiiieeea, 84
Fig. 5.6. DSC curves for all Samples...........ccoeeeiiriieiieniieeeseieeeseeieeee e 85
Fig. 5.7. Hydrogen absorption for all samples at 300 °C and 30 atm....................... 86
Fig. 5.8. Hydrogen desorption for the samples at 300 °C and 0.1 atm pressure............ 87

Fig. 5.9. Comparison of PCI absorption/desorption curves of the MgH,+5wt% SiC
and MgH,+5wt% SiCH10wWt% Ni samples........ocovveiiiiiiiiiiiiiiiiiiieeeneans 88
Fig. 5.10. The resulting curves of different kinetic equations applied to absorption
data of (a) un-doped MgH,, and (b) MgH,—SiC—Ni.......oooiiiiiiiiiiiiiiiiiee, 90

Fig. 5.11. The resulting curves of different kinetic equations applied to desorption

data of (a) undoped MgH,, and (b) MgH,—SiC—Ni........coooviiiiiiiiiiiiie 91
Fig. 6.1. Change of hydrogen pressure as a function of ball milling time.................. 96
Fig. 6.2. XRD patterns of as-prepared samples............coevviiiiiiiiiiiiiiiiiniennennnnn. 97

Fig. 6.3. Mapping of the MgH,-10wt% BCC with BPWR 200: (a) shows a micrograph
of the overall area of the sample to be mapped, (b) elemental mapping of Ti, (c) Mn,

(A) Crand (€) Ve e e 98
Fig. 6.4. SEM images for the as-prepared samples: (a) pure MgH, (b) BPWR 100,

() BPWR 200.... .t 99

Fig. 6.5. DSC traces for as-prepared samples.............coeiiiiiiiiiiiiiiiiiniiina 100

xiil



Fig. 6.6. Hydrogen absorption curves for the samples at 350°C and under 30 atm
RYArOZEN PreSSUTE. .. ...ut ittt et e e e e 101

Fig. 6.7. Hydrogen desorption curves for the samples at 350 °C and under 0.1 atm

RYArOZEN PreSSUIE. .. ..ut ettt e e e e e s 102
Fig. 6.8. PCI curves of pure MgH, and BPWR 200 samples at 350 °C................... 103
Fig. 7.1. XRD patterns for as-milled samples.........ccccccvereiiivienciiiniieiienieeieeee e 107

Fig. 7.2. SEM images of all samples: a) pure MgH,, b) Mg-BCC,

C) ME-BCC-CNT ...ttt et et er ettt e b et enes 108
Fig. 7.3. Backscattered electron composition (BEC) image of the Mg-BCC

sample (left and its EDS element analysis (right)................ooooiiiiiiiiiiiiie. 108

Fig. 7.4. Initial hydrogen release of all as-prepared samples in profile release

IO, .ttt e e e 110
Fig. 7.5. Hydrogen absorption of the samples at 300 °C and 30 atm...................... 111
Fig. 7.6. Hydrogen desorption at 300 °C and 0.1 atm for all samples..................... 111
Fig. 7.7 Hydrogen absorption at 250 °C and 30 atm..............ocevieieiiiiiiiiennnnnn... 112
Fig. 7.8. Hydrogen desorption at 250 °C and 0.1 atm for all samples..................... 112

Fig. 7.9. XRD patterns for the samples after dehydrogenation. The enlarged area
in the inset shows the shift of the peak with highest intensity............................ 113
Fig. 8.1. XRD patterns of as-prepared samples.........c..cccveeevieriiiiniieniiieniienieeie e 120
Fig. 8.2. SEM images of all samples: a) the cast, b) uniBM-cast, c) BM- powder
ANA ) BIMECASL ..ottt ettt ettt et enbe et eenreeeeas 121

Fig. 8.3. Backscattered electron composition BEC image of the BM-cast sample;

Bright particles are MEoNi.......c.oooiiiiiieiieeiieie ettt ettt sae s eenas 121
Fig. 8.4. Hydrogen absorption at 250 °C and 20 atm...........ccceeeueerieeniienienieenieereeneen. 122
Fig. 8.5. Hydrogen absorption at 200 °C and 20 atm...........ccceeeueerieeirienieniienieeereeneen. 123

Xiv



Fig. 8.6. Hydrogen desorption at 250 °C and 0.1 atm............cccuveeeiieenieeeiiieeiee e

Fig. 8.7. XRD patterns of all samples after hydrogenation..............ccccoeevverrieneenneennen.

Fig 8.8. DSC traces for all samples after hydrogenation

XV



Chapter 1

Chapter 1

Introduction

Nowadays, crude oil, natural gas, and coal are the main sources of energy supply in our
daily lives, particularly in transportation, while the world’s energy demand is increasing
significantly. On the other hand, utilizing these carbon-based energy sources has two
unavoidable disadvantages. Firstly, they will be depleted in the near future. Secondly,
their main by-product, carbon dioxide, is the most important greenhouse gas, which is
causing perhaps our most serious common predicament: global warming. Therefore,
sustainable, clean, and environmental friendly energy sources, such as solar and wind
energy, are essential. However, for using the energy produced by these sources in final
applications, an energy carrier is necessary. This energy carrier should be safe, capable
of easy conversion, and convenient for use in applications. Consequently, the best
candidate for this purpose is hydrogen. Hydrogen can be transported and distributed to a
wide range of applications, such as transportation, electric power generation, and so on.

This is what is meant by the term hydrogen economy.

On the other hand, there are some serious technical drawbacks in hydrogen production,
storage, and usage. There are different processes that can be used for hydrogen
production, such as steam reforming and water electrolysis. Furthermore, the best
method for hydrogen utilization in the transportation sector is the fuel cell. However,
the main drawback in proceeding with the hydrogen economy is hydrogen storage,
particularly for mobile applications. After a long investigation, the US Department of

Energy (DOE) has set requirements for on-board applications, which are the targets for
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researchers in this area. All aspects of the requirements have been specified in the
DOE’s targets, such as storage capacity, volumetric and gravimetric capacity,

hydrogenation and dehydrogenation, reversibility, and safety.

In Chapter 2, methods of hydrogen production and utilization are briefly explained,
while its storage is discussed in detail, particularly storage in the solid state. In
addition, the efforts of other researchers to improve hydrogen storage properties in
different materials have been summarized. As the central focus of this thesis is on
magnesium hydride, at the end of this chapter, a brief history of this compound, its
crystal structure, the methods of preparation, and the thermodynamics and hydrogen
storage properties of this material have been described in more detail, and published

works on improvement of its hydrogen sorption properties are reviewed.

Materials used in the experiments and the equipment which is used for sample
preparation and different kinds of measurements, such as ball-milling, X-ray diffraction,

etc., have been explained in Chapter 3.

Based on the reports described in Chapter 2, the diffusion of hydrogen atoms into the
magnesium lattice is one of the critical aspects of formation of MgH, with good
sorption kinetics. Shorter and easier hydrogen diffusion paths are available for particles
which are produced by ball milling, because they have more fresh surface area and
activation sites. In Chapter 4, a new method for decreasing grain size and
agglomeration, and thus increasing fresh surface area is studied. The principle consists
of adding particles of a hard nanopowder, SiC, to act as nanoballs during ball milling.

The results show that a small amount (up to 5wt%) of SiC has noticeable effects on
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MgH; and improves the sorption kinetics significantly, while increasing the proportion

of SiC to more than 10wt% gives rise to negative effects.

As SiC is not a catalyst, and its effects relate to improvement of the surface area, it was
expected that a combination of SiC with a good catalyst, such as Ni, could result in
extra enhancement of the hydrogen storage properties of Mg. This was the motivation
for fabricating and analysing results on MgH,-SiC-Ni, which is described in Chapter 5.
The results have indicated that there is additional improvement in comparison with the
sample without Ni. In this chapter also, the kinetic behaviour of the sample of Mg-
5wit%SiC-10wt%Ni is studied, and the results show that the rate-limiting step has
changed from “‘surface controlled’’ to “*nucleation and three-dimensional growth of the

existing nuclei’’.

Ti-based body-centred cubic alloys have shown superior catalytic effects on the
hydrogen storage properties of magnesium by acting as a catalyst for hydrogen
molecule dissociation and then as a diffusion path for hydrogen atoms. Therefore, in
Chapter 6, a new kind of body-centred cubic alloy, Tiyo4Mng22Cro1Vo.2s was ball milled
with MgH, with different ball-to-powder weight ratios (BPWR), and the hydrogen

storage properties and the structural changes of the composites have been studied.

Carbon nanotubes (CNTs) have shown remarkable effects on the hydrogen storage
properties of Mg-based alloys. These effects were additionally improved when CNTs
were combined with transition metals. Based on the results in Chapter 6, the catalytic
effects of Tip4Mng22Cro1Vo.2s Were better than those of transition metals, and therefore,

it was possible that a combination of CNTs and Tip4Mno22Cro1Vo2s could lead to a
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great enhancement of hydrogen dissociation and diffusion into Mg nanoparticles. Based
on this expectation, in Chapter 7, to complete the results achieved in the previous
chapter, two samples of Mg+10wt% Tig4Mng22Cro1Vo2s Were fabricated, and 5wt%
CNTs were added to one of them. The hydrogen storage properties of the prepared
samples were investigated and compared with the performance of pure MgH,. The

results confirmed our expectations.

The investigation in Chapter 8 is a comparison between 2 methods of fabrication of
MgH+Ni: casting and ball milling. The possibility of placement of the catalyst particles
in deeper layers of Mg particles by ball milling after casting was also investigated. For
this purpose, in this chapter, Mg-6wt% Ni was first prepared by melt processing and
casting, the obtained materials were then ball-milled by both planetary and reactive ball
milling, and finally, the results are compared with those of as-milled Mg+6wt% Ni

nanopowder.

In Chapter 9, the main results and achievements are summarized, followed by the list of
references and acronyms. This thesis is closed with a list of my papers that were

published during my PhD work.
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Chapter 2

Literature review

2.1 Background

Since 1769, when James Watt invented the steam engine and then by developing the
internal engine, coal gradually became the most important source of energy in the
western world. With increasing popularity of automobiles and other self-propelled
vehicles at the beginning of the 20" century, crude oil took over and became the source
of main energy supply in the industrial nations. Natural gas, after World War II, and
nuclear power in 1960 were added to the group of conventional energy sources. These
two sources could not break the market leadership of coal and crude oil and, nowadays,
more than 85 percent of world primary energy demands are provided by these the
traditional sources. Figure 2.1 shows the amount of oil production and illustrates that
the production rate increased exponentially after World War II. Undoubtedly, this

increase will continue in the future.
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Figure 2.1. Evolution of Annual Crude Oil Production [1].
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It is expected that the world population will reach 8 billion by 2030 [2], and, at the same
time, the world’s energy requirements will increase by a factor of 2.3-4 compared to
1990 [3]. This will exacerbate the problems of today’s high energy expenditure and its
consequences, such as the greenhouse effect and the rapid depletion of fossil energy
resources. On the other hand, fossil fuel based energy carriers, such as natural gas,
petroleum, and coal, needed many years of development. Due to increasingly difficult
manipulation of the fossil fuel reservoirs, future extraction will be more and more
complicated, technically challenging, and risky, and therefore, much more expensive
than today. By unimpeded use of fossil fuel, all available economically viable sources
of petroleum and natural gas will be exhousted within the next few decades, and, as

shown in Table 2.1, only coal reserves will be obtainable for a longer period of time.

Table 2.1 Fossil fuel reserves [4].

Crude Oil Natural Gas Coal
Proven reserves 142.7 billion t 155.8 billion m* 948 billion t

Production in 2002 3.56 billion t 2.53 billion m’ 4.82 billion t

Reserves/production 41 years 61 years 204 years
rate
Unproven 84 billion t 217 billion m’ 6668 billion t

additional reserves

Accumulated 128.2 billion t 69.6 billion m®

production
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The result of burning fossil fuels and biomass is anthropogenic carbon dioxide (CO,),
which is the most significant greenhouse gas and contributes 61 percent of the
greenhouse effect. Fifteen percent of this amount is the share of biomass and 46 percent
is the share of fossil fuels. The concentration of CO; in the outer atmosphere has
already risen from 280 parts per million by volume (ppmv) in 1850 to 372 ppmv in
2002 [5]. In addition both production and utilization of fossil fuels causes the majority
of methane (CH4) emissions. In comparison, the concentration of methane in the
atmosphere is less than 1 percent of that for CO,; however, the global warming potential

of methane is much higher than that of CO; [5].

Carbon dioxide emissions from fuel combustion are not equal per capita. Figure 2.2

shows this amount for different regions.

1973 2007
il v NonECD
aviet  QFECD s jet ar
Union  Europe s el Union Eurcpe 0.9%

44% 1,

15 640 Mt of CO» 28 962 Mt of CO;

Figure 2.2 1973 and 2007 regional shares of CO, emissions per capita [6].

Therefore, both the depletion of fossil energy resources and global warming, as a result
of increasing greenhouse gases, necessitate renewable and environmentally friendly

energy sources.
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Since the focus of this thesis is on materials for hydrogen storage, and the greatest
impact of hydrogen is in the transportation sector, it is necessary to discuss
transportation as one of the most important energy consumers and its share of global

warming.

2.1.1 Transportation

Transport plays an important role in global energy-related CO, emissions. Although it is
not the main CO, supplier, it is a noteworthy factor. Transport’s shares of CO,
emissions are growing persistently because people require more and improved mobility,
and so the number of vehicles is going up. It is expected that the rate of increase of per
capita CO, emissions will also rise from other sectors. From 1990 to 2003, the
emissions of the transport sector increased 31% (1412 mt) worldwide and 26% (820 mt)
in the Organisation for Economic Co-operation and Development (OECD) countries,
where it is slowly, but surely, increasing. This share is highest in the more developed

countries of the OECD [7]. Figure 2.4 shows transport’s share of CO, emissions.

Fuzl Combustion
for other Non-road
Manufacturing uses
& Construction

transport

Other non-transport

43.9%

Fig. 2.3 Transport percentage shares of CO, emissions in 2005 [8].
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To accomplish the necessary deep cuts in greenhouse gas emissions is impossible
without the participation of transport. As a result, legislators concerned about both

transport and climate change are paying ever more attention to the transport sector.

An integrated approach for emission abatement includes:
1- Delivering a majority of innovative vehicles with higher efficiency engines.

2- Improving driving behaviour.

3- Reducing congestion by decreased travel and development of public
transportation.
4- Increasing CO,-related taxation.

5- Development of renewable alternative fuels.

Among these methods, developing a renewable and clean fuel is the most important one.

2.2 Energy sources and carriers

There are some primary energy sources with the characteristics of renewable and clean
energy, such as solar, wind, geothermal energy, hydropower, and wave energy. The uses
of all of these energy sources have some advantages and disadvantages. For example,
hydropower is reliable and cheap, and, of course, very clean. However, it has a negative
effect on ecosystems everywhere that the generators are based. To reduce this impact,
the generators should be installed in proper locations, and improvements in design and

operation are necessary.

Solar and wind energy, and also waves are carbon free and limitless in nature, and their
use can noticeably decrease greenhouse gas emissions. Their major problem is that they

are not accessible all the time. For all types of new energy sources, there is one common
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requirement: they all need a high capacity, low-cost, and long cycle life energy carrier.
On the other hand, about the three-quarters of the mentioned primary energy from these
renewable sources is going to be ultimately used as fuel, however, none of them, in
contrast with the fossil fuels, can be directly used as a fuel, as they require an energy

carrier.

Therefore what we need is a production of the best “fuel” for the future. Although there
are many candidates, such as gasoline, methane, ethanol, and hydrogen, we can not
choose one of them without considering the following conditions [9]:

1- Convenient for transportation: All kinds of vehicles (cars, airplanes etc.) must
carry their fuel for a short or long distance. Therefore it is essential that the
transportation fuel be very light with as low a volume as possible.

2- Capability for easy conversion: All fuels, finally, must be converted to other
forms of energy such as mechanical and electrical energy. Any new proposed
fuel must be suitable for these conversions at the user end.

3- High efficiency: The new transportation fuel should be converted to the desired
energy form with higher efficiency than other fuels.

4- Safe: Both aspects of safety - toxicity and fire hazard properties - must be

minimized for the future fuel.

2.3 Hydrogen: the best candidate

As mentioned above, there are several candidate energy carriers, such as synthetic
gasoline, methane, and hydrogen. The following reasons prove that hydrogen is the best

energy carrier for all purposes, particularly for future fuel use.

10
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1-

The motivity factor, @, is a factor based on the requirements for a fuel to be
convenient for transportation [10]. Carrying a fuel is easer if its motivity factor
is higher. Table 2.2 shows that between the different kinds of fuels, hydrogen, in
both liquid and gas phases, has the best ®@y,. This is one reason why hydrogen is
used as a fuel in space programs. Definitely, however, this transportation will be

much easier if we can store hydrogen in a solid phase such as a metal hydride.

Table 2.2. Motivity factors for different fuels [11].

Fuel Gasoline Ethanol Methanol Nagt;18ra1 LH, GH,
Motivity 0.76 0.23 0.37 0.75 1 1
factor

2- All kind of fossil fuels can only be converted through combustion, whereas

hydrogen can be converted through flame and catalytic combustion, chemical
reaction, and electrochemical processes [12].

The utilization efficiency factor, ®,, the ratio of the fossil fuel utilization
efficiency My to the hydrogen utilization efficiency 1My, is presented in Table 2.3

for different applications. As is shown, hydrogen is capable of being converted
to the required energy form with more efficiency than fossil fuels [13].

Water and water vapour, which are the main combustion products of hydrogen,
are not toxic. On the other hand, in the case of fire hazards, lower density and
higher specific heat cause a fuel to be safer. Consequently, by considering these
factors, hydrogen becomes the safest fuel in comparison with other suggested

fuels such as methane and gasoline [11].

11
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Table 2.3 Comparison between ®,s of fossil fuels and hydrogen [13].

Application Utilization efficiency factor gﬁﬂ = ':V
N
Thermal energy
Flame combustion 1.00
Catalytic combustion 0.80
Steam generation 0.80
Electric power, fuel cells 0.54
Surface transportation
Internal combustion engines 0.82
Fuel cells/electric motor 0.40
Subsonic jet transportation 0.84
Supersonic jet transportation 0.72
Weighted average 0.72
Hydrogen utilization efficiency factor 1.00
Fossil fuel utilization efficiency factor 0.72

In addition to the above-mentioned important factors, hydrogen is the simplest, lightest,
and third most abundant element in the world. All these conditions make hydrogen the
best candidate for fuel in future vehicles. However, there are some serious technical
drawbacks in its production, utilization, and the important steps between them:

hydrogen storage or transportation.

Hydrogen can be produced from fossil fuel resources, such as natural gas and coal, or
from renewable resources, such as sunlight, wind, or hydropower. Moreover, there are a
variety of process technologies that can be used for this purpose, including steam
reforming [14], gasification of coal [15], water electrolysis [16], thermochemical [14],
and photobiological and photobiochemical [17] processes. Besides the two first methods
mentioned, which, unfortunately, are not environmentally friendly, the other processes
currently can not be used for hydrogen generation in large quantities. Accessibility of

feedstocks, the development of technology, policy issues, and the production costs will

12



Chapter 2

influence the production of significant amounts of hydrogen. However, these drawbacks

will be solved over time.

Hydrogen can be used in both combustion engines and fuel cells. Although hydrogen
combustion engines present obvious advantages over present engines in term of
performance and cost, one of its by-products, NOy, displays toxic effects, the same as
for the combustion of fossil fuels. Fuel cells are pollution free with non-toxic by-
products. A fuel cell [18] is an electrochemical device that converts chemical energy
into electricity. Fuel cells can be categorized as portable, stationary, or transportable
depending on their sizes and functions, and the focus of this section is on the latter.
A fuel cell, as is shown in Figure 2.4, consists of an electrolyte layer in contact with two
electrodes, an anode and a cathode, on each side [19]. The process of energy conversion
in the most promising fuel cell for transportation, called the Proton Electrolyte
Membrane (PEM) fuel cell, consist of the following steps:
1- Hydrogen gas flows through the channels to the anode.
2- Hydrogen molecules are separated into protons and electrons by the effect of a
catalyst.
3- The membrane acts as a filter and allows only the protons to pass it.
4- The external circuit is the path of the separated electrons, and this is the
electricity which can be used to power a motor.
5- The returned electrons from the circuit react with the protons and oxygen gas,
drawn from the exterior air, at the cathode and form water while producing heat

as well.

13
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A Single Fuel Cell
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Fig 2.4 Schematic diagram of a PEM fuel cell [19].

2.4 Hydrogen storage

Hydrogen storage is the main bottleneck to the realization of the hydrogen economy.
There are various technologies (which are explained in the next section of this chapter)
for this purpose, and, for mobile application, the selected technology should be dense,
safe, inexpensive and lightweight. The Department of Energy of the United States (the
US DOE) has set the operating requirements for this discussion by preparing targets for

the years 2010 and 2015 (Table 2.4).
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Table 2.4 US DOE hydrogen storage targets for mobile application [20].

Storage Parameter Units 2010 2015 Ultimate
syem Sraunatie opaty Usle: | g
B 2
(net useful energy/max system mass) (kg Ha/kg system) (0.045) (0.055) (0.075)
Sy“emexgr';ygzﬂsci gaf‘;grcr'm Usable KWh/L 0.9 13 23
2
(net useful energy/max system volume) (kg Hy/L system) (0.028) (0.040) (0.070)
Storage svstem cost $/kWh net TBD TBD TBD
; PN cost) ($/kg Hy) (TBD) (TBD) (TBD)
$/gge at pump 3-7 2-6 2-3
Durability/Operability
+ Operating ambient temperature °C -30/50 (sun) -40/60 (sun) -40/60 (sun)
-40/85
* Min/max delivery temperature °C -40/85 -40/85
* Operational cycle life Cycles 1000 1500 1500
(1/4 tank to full)
* Min delivery pressure from storage system; bar (abs) SFC/35ICE 5FC/35 ICE 3FC/35ICE
FC=Fuel Cell, ICE= internal combustion
engine
» Max delivery pressure from storage system bar (abs) 12 12 12
* Onboard Efficiency % 90% 90% 90%
« “Well” to Powerplant Efficiency % 60% 60% 60%
Charging/discharging Rates
« System fill time (for 5-kg H,) min 4.2 min 3.3 min 2.5 min
* Minimum full flow rate (Kg H,/min) (1.2 kg/min) (1.5 kg/min) (2.0 kg/min)
« Start time to full flow (20°C) (g/s)/kW 0.02 0.02 0.02
« Start time to full flow s 5 5 5
(-20°C)
* Transient response 1 s 15 15 15
0%-90%
and 90% -0% s 0.75 0.75 0.75
Fuel Purity % H SAE J2719 and ISO/PDTS 14687-2
(H; from storage) o2 (99.97% dry basis)
Environmental Health & Safety
* Permeation & leakage Scc/h Meets or exceeds applicable standards
Toxicity -
Safety -
Loss of useable H, (g/h)/kg H, stored 0.1 0.05 0.05

There are basically five known main storage methods at present which might satisfy the

requirements of on-board systems after improvement:

1- High pressure gas storage

2- Liquid hydrogen

3- Physisorbed hydrogen
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4- Chemically bound hydrogen

5- Hydrolytic evolution of hydrogen

Every method has its advantages and disadvantages and currently, none of them meets

the US DOE target requirements. Table 2.5 shows a comparison of the hydrogen storage

characteristics of different methods.

Table 2.5 Comparison of main characteristics of various hydrogen storage methods [21].

HYDROGEN STORAGE
Storage Media Volume Mass  Pressure Temperature
max. 33 kg H,m? 13 mass% 800 bar 298 K Composite cylind.
o established
a1
% 71 kg H,m? 100 mass% 1 bar 21K Liquid hydrogen
O
o
0
E
20 kg H,m-? 4 mass% [70 bar 65K Physisorption
max. 150 kg H,;m= 2 mass% 1 bar 298 K Metalhydrides
-
% 0 150 kg H,'m-? 18 mass% 1 bar 298 K Complex
£
hydrTdips % reversibility ?
>100 kg H,m= 14 mass% 1 bar 208 K Alkali + H,0

In the following section the most important aspects of each of the above-mentioned

methods, and its strong and weak points are explained.
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2.4.1 High pressure gas storage

The most common hydrogen storage method, for both stationary and on-board
applications, currently is via pressurised cylinders to store hydrogen. As this technique
merely requires a compressor and a pressure vessel, it is the simplest and, at present, the
cheapest method. However there are some obstacles too. The main drawback is its low
volumetric capacity. Working pressure for a typical composite cylinder, shown in
Figure 2.5, can be either 350 or 700 bar. The gravimetric density for a 700 bar tank is
4.5 wt% which is not far from DOE 2010 target, however, its volume density is 25
kgHm™ which is close to half of the target [22]. Increasing the pressure seems a
possible approach to solve this problem, however, on considering practical and safety

issues it is less likely that higher pressure can be used for vehicle applications.

Fig 2.5 Typical compressed hydrogen storage tank [23].

Another issue in using high pressure gas storage is the limited space available in a
vehicle, particularly a family car. Such gas storage not only will constrict the passenger
and luggage space and, as a consequence, introduce extra weight and costs, but also is
very difficult to manufacture because of the extra complexity in the filament winding

Pprocess.
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Although there have been many investigations to improve the design of both vehicles
and storage tanks to use the high pressure hydrogen storage method, it seems unlikely to

be able to meet the US DOE target.

2.4.2 Liquid hydrogen

Liquid phase of hydrogen can be stored in a cryogenic tank (Figure 2.6) at 20 K and 1
atm pressure. Under these conditions the volumetric density is 70.8 kgm™ which gives
an acceptable volumetric capacity; 70.5 kgHrn'3 [24]. This capacity is much higher than
for pressurised hydrogen gas (25 kgHm™) and, therefore, the driving range using liquid

hydrogen is longer than for the gas storage one [25].

LH2 - Tank System inner vassal
super-insulation ouner yessel
vl probe '
filling line Siispen sion
gas extraction
ligguid exttraction liquid Hydrogen
{-253C)
filling port
~safary valwe
gaseaUs Hydrmogen
o H20EC o +B0RC)
2/
shut-off vahe
electrical heater - e
reversing vahe y cooling water
(gaseous [ liquid) heat exchanger . Linde.com

Fig. 2.6 A 120 litre liquid hydrogen tank (left) and its schematic structure (right) [26].

However, there are two major problems with this method. The first one is the low
efficiency of the liquidizing process. There is unavoidable energy loss during this
process, even inside a tank with a perfect insulation [25]. The second drawback is the
boil-off of hydrogen, which is a result of thermal radiation from the environment and

thermal conduction through cables and fixtures. This is undesirable for mobile
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application, because the tanks could have serious safety issues and may allow an
explosive combination to form in an enclosed space [27].

The low efficiency of the process, the boil-off of hydrogen and the super-insulation
nneded are critical issues for the storage of hydrogen by liquidizing and make it

unsuitable for portable applications.

2.4.3 Solid state hydrogen storage

The storage hydrogen in solid state materials could be the safest and the most
advantageous method for hydrogen storage, in terms of the lowest cost and highest
efficiency. This method includes physisorption of hydrogen molecules on materials with
high surface area, such as carbon nanotubes, and chemisorption in compounds such as

MgH; and complex hydrides.

2.5 Hydrogen storage by physisorption

In this method, hydrogen molecules are held on the surface by a van der Waals
interaction and without dissociation (Fig 2.7). The strength of this interaction is very
weak and so, the enthalpy of formation for this process is less than 10 kJ/mol. Therefore,
physisorption (adsorption) of hydrogen gas on a surface by this technique means that

very low temperature, in the range of the temperature of liquid nitrogen, is necessary.

Porous materials, such as carbon nanotubes (CNTs), zeolites, metal organic frameworks

(MOFs), and graphite nanofibers (GNFs), have received substantial interest for this

purpose because of their high surface areas.
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Fig. 2.7 Schematic physisorption on surface [21].

2.5.1 Carbon nanotubes

A carbon atom can bind with three, five, or seven of its neighbours with covalent bonds,
leading to the creation of diamond, graphite, activated carbon, carbon nanofibers,
fullerenes, single wall carbon nanotube (SWCNT), and multiwall carbon nanotube

(MWCNT).

A (SWCNT) consists of a single graphite sheet rolled up in a seamless cylinder with a
radius of a few nanometers [28]. As is shown in Figure 2.8, both ends of a typical
SWCNT are usually closed with fullerene-like hemisphere caps when synthesized. The
outer radius of a CNT ranges from 20 to 200 A, and the inner oneis between 10 and 30

A[29].
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Fig 2.8 (a) Piece of a graphene sheet, (b) and (c) models of a carbon nanotube [28].

There are four adsorption sites on a SWCNT: internal or tube sites, interstitial sites,
which are between nanotubes within the bundle, peripheral sites between pairs of
SWCNTs at their surfaces, and the external surface sites (Fig. 2.9) [30]. In
physisorption, at a given temperature, the amount of adsorbed hydrogen is a function of
the pressure applied on the system, so hydrogen can penetrate into the internal sites only

at high pressure. In this case, the tube diameter must be 0.7 nm [29].

15
Tube site Peripheral site

10

-5

=10

Interstitial site
=15 X

-1 =10 -5 o 5 10 18
Fig 2.9 Adsorption sites in bundles of single wall nanotubes [30].
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A multiwall carbon nanotube (MWCNT) consists of several concentric rolls of graphite
sheets and a distance between two layers of about 0.35 nm [29]. It can be prepared by
different methods, such as laser ablation from a graphite target, chemical vapor

deposition, and arc discharge.

The mechanism and the improvement of hydrogen storage properties by CNTs are
major interests of researchers. Dillon et al. published the first experimental results on
the hydrogen storage properties of SWCNT by the temperature programmed desorption
(TPD) method [31]. Their procedure consists in measuring by a mass spectrometer the
hydrogen desorbed by a carbon sample during a heating run. Since then, very many
groups have researched both SWCNT and MWCNT systems by altering the methods of
preparation and doping a variety of elements into them. As expected, there are large
discrepancies in their claimed hydrogen storage capacities. Fan et al. observed a
hydrogen uptake of 10-13 wt% in MWCNTSs at room temperature and a pressure of 110
atm by the volumetric method [32]. This group also obtained a capacity of 4.2 wt% for
SWCNTs [33]. However, none of these results were confirmed under the same
conditions by any other groups. In contrast, Poirier et al. [34] found only 0.2 wt%
capacity under ambient conditions for SWCNTs. Hou et al. [35] showed that the
maximum hydrogen storage capacity of MWCNTSs was 4.6 wt% at 293 K and 135 atm,

while Li et al. [36]reported a range from 1.29 to 3.98 wt% at room temperature (RT).

Different reports exist at cryogenic temperature too. Ye et al. [37] found a hydrogen
adsorption of more than 8 wt% in SWCNTs at 77K and a pressure of 120 atm, while

this quantity was 4 wt% at 1 bar for Poirier et al. [34].
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Briefly, most of the current research has demonstrated that the hydrogen storage
capacity of CNTs is less than 1 wt% under ambient conditions [38] and up to 2.5 wt%

under cryogenic conditions, depending on the sample preparation [39-42].

2.5.2 Zeolites

Zeolites are crystalline aluminosilicate defined by a network of pores and channels of
molecular dimensions (Fig 2.10). The general formula of a zeolite is:

Mux/n[(AlO2)x(Si02)y]-mH,0, where cation M of valance n balance the negative charge

on the framework [43, 44] .

Fig. 2.10 Framework structures of zeolites: (a) zeolite A, (b) zeolites X and Y, and (c)

zeolite Rho [44].

As zeolites are cheap, available, easy to synthesize, and safe to use, they are of interest
as hydrogen storage materials. Hydrogen can be stored in zeolites by encapsulation (at
elevated temperatures and pressures) or physisorption [45-47]. In 1998, Kazansky et al.
[48] studied the hydrogen adsorption at cryogenic temperature of zeolites with different
isostructures, such as NaY and NaX with different Si/Al ratios. The maximum hydrogen

storage capacity was 1.2 wt% for NaX, with a Si/Al ratio of 1.05 at 0.6 atm. Darkrim et
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al. [49] reported a capacity of 1.2 wt% at room temperature and a pressure of 700 atm in
NaA. The hydrogen adsorbed by ZSM5 zeolites reported by Nijkamp et al. [50] at 77 K
was 0.72 wt%. Forster et al. [51] investigated hydrogen adsorption on the zeolite nickel
phosphates VSB1 and VSBS5 at 77 K. They believed that the adsorption in the latter one
(~1 wt% at 1 atm) was related to the presence of a coordinatively unsaturated
framework of Ni*" cations. The highest hydrogen storage capacity in zeolites was

reported by Du and Wu [52] in NaX, which was 2.55 wt% at 77 K and 40 atm.

2.5.3 Metal Organic Frameworks (MOFs)

MOFs consist of metal ions linked by organic donor molecules called ligands. As there
is a vast diversity of both ligands and metal ions, different kinds of MOFs with different
properties exist. MOF-5, MOF-74, MOF-177, HKUST-1, MIL-100, and MIL-101, as
shown in Fig. 2.11, have demonstrated outstanding performance in hydrogen storage

and even adsorption of other gases [53].

Rosi et al. [54] reported an initial hydrogen storage capacity of 4.5 wt% at 77 K and 1
atm on MOF-5, however, this result was an overestimation, which was corrected by
Rowsell et al. [55] to 1.32 wt%. Wong et al. [56] fabricated a series of MOFs at 77 K,
across a 25- 80 atm range of pressure, and found 5 wt% adsorbed hydrogen at 50 atm by
MOF-5. Hydrogen storage on HKUST-1 was investigated by Xiao et al. [57], on
unsaturated copper sites after dehydration. Their results showed capacities of 2.27 wt%
and 3.6 wt% at 77 K, and 1 atm and 10 atm, respectively. The best hydrogen storage
capacity was reproducibly obtained from MOF-177, ~7.5 wt% at 70 bar [53]. Storage

capacity at room temperature, either based on experimental [58] or theoretical [59]
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results, is less than 1 wt% at a pressure of 100 atm, which will limit the MOFs’

applications.

Fig. 2.11. Crystal structure of metal organic frameworks: (a) MOF-5; (b) HKUST-1
(cavities, yellow and blue balls); (c) MIL-101, and (d) MOF-74 or CPO-27-Co(Ni)

(metals, cyan; oxygen, red; carbon, grey) [53].

2.5.4 Graphite Nanofibers (GNFs)

GNFs consist of graphite platelets arranged in different directions. This structure
presents a large number of edges, which consecutively constitute available sites for
chemical or physical interaction, mainly for physisorption. Carbon nanofibers run from
5 to 100 microns in length and 5 to 100 nm in diameter. A schematic diagram of a

catalytically grown carbon nanofiber is shown in Figure 2.12 .

There is a huge difference between the results for hydrogen storage capacities of pure

GNFs from 67 wt% [60], which nobody has confirmed yet, to 0.04 wt% [61]. Gupta et
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al. [62] synthesized GNFs through thermal decomposition of acetylene which was
carried out utilizing Pd sheets as the catalyst. The reversible hydrogen storage capacity

of their samples was ~17 wt% at RT and 80 atm.

. <— Metal Catalyst Particle

Graphite Platelets —

~ Interlayer Spacing

Fig. 2.12. Schematic diagram of a catalytically grown carbon nanofibers [60].

Recently, Kim et al. [63] investigated Pt-doped GNFs with a platinum content range of
1.3-7.5 wt%. They reported that hydrogen stored in the samples increased by raising the

amount of Pt to reach to a maximum of 3.4 wt% at 298 K and 10 MPa.

In summary, the combined drawbacks of materials which adsorb hydrogen make them
less attractive for vehicular applications, but they are acceptable alternatives to liquid

hydrogen storage for stationary supplies.

2.6. Hydrogen storage by chemisorption

Chemically bound hydrides are classified into two main groups: 1) complex hydrides,
such as alanates and borohydides, which are usually non-reversible, and 2) metal

hydrides, such as intermetallic compounds and magnesium hydride. Figure 2.13 shows
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the general hydrogen absorption process in metals. The dehydrogenation of all of these

groups can be obtained by either increasing the temperature or reducing the pressure.
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Fig 2.13 Hydrogen absorption process in metals [21].

2.6.1 Complex hydrides

The general formula for complex hydrides is A,MyH,, in which A is an alkali, an
alkaline earth, or a transition metal. If M is aluminium, they are called “alanates”, and if
it is boron they are called “borohydrides”. Their structure is a mix of ionic and covalent
hydrides. As shown in Table 2.7 [64, 65], the gravimetric hydrogen capacity of these
materials is very high, and it seems they could be viable candidates for on-board
hydrogen storage; however, their poor kinetics and irreversible hydriding reactions
restrict their practical applications. In the last few years, many investigations have been

conducted on complex hydrides to improve their hydrogen storage properties.
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Table 2.7. Hydrogen storage capacity of some complex hydrides [64, 65].

Chemical formula Hydrogen (wt %)
NaAlH4 7.4

LiAlHy4 10.5

Mg(AlH4), 9.3

Ca(AlHa), 7.7

LiBH4 18.4

NaBH4 10.6

Mg(BHa), 14.8

Ca(BHa4), 11.4

2.6.1.1 Sodium Aluminium Hydride

Sodium aluminium hydride (NaAlH4) is a low cost material with 7.4 wt% hydrogen
storage capacity, but poor absorption/desorption kinetics and irreversibility.

NaAlHy releases hydrogen through three steps [66]:

3NaAlH4 — NaszAlHg + 2A1 + 3H, 2.1
Naz;AlHg — 3NaH + Al + 3/2H,

NaH — Na+1/2H,

that hydrogen released in the first two reactions which occur at 210 °C and 250 °C,
respectively, which are compatible with the temperature for on-board applications,
amounts to 5.6 wt%, and this is the storage capacity considered for this material because

the third step occur at very high temperature.
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In 1997, Bogdanovic and Schwickardi [67] reported that doping with Ti can
significantly improve the reversibility and desorption kinetics. Since then, many studies
have been developed on doped NaAlH4, with such dopants as TiN [68], TiF3, and ZrCl;
[69]. An understanding of soak and release reactions by sodium aluminium hydride and
of the effects of catalysts on the reactions could lead the way to vehicle applications.
Recently, anelastic spectroscopy has given essential information on the different
decomposition steps and effects of catalysts [70-73], however, despite all efforts, the

mechanisms are unknown so far.

2.6.1.2 Lithium Aluminium Hydride

Despite the high storage capacity of lithium aluminium hydride, its thermodynamic
stability and non-reversible hydrogenation limit its on-board applications. Differential
scanning calorimetry (DSC) studies by Block and Grey [74] indicated that there is a
phase transition at ~180 °C before the first dehydrogenation reaction (LiAlH4 —
Li3AlHg), which occurs at 190-220 °C. The second hydrogen release step happens at
230-280 °C. Total gravimetric capacity by this temperature is 5.6 wt %, and the final
desorption occurs at ~700 °C, which is too high for practical applications. Balema et al.
found that the first dehydrogenation reaction could happen at RT after mechanical
milling of LiAlH4 with TiCl4[75], and Chen et al. [76]claimed that doping the hydride
with 2 mol% of TiCl; can reduce the temperature of the second step by almost 150 °C.
Wang et al. [77]studied a five-step physiochemical pathway for the cyclic
dehydrogenation and rehydrogenation of LiAlH4. The LiAlH4 produced by this
physiochemical method exhibited excellent dehydrogenation kinetics and released ~4
wt % hydrogen in the range of 80-100 °C. In spite of all these significant achievements,

the hydrogen storage properties of this hydride are still far from the target.
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2.6.1.3 Magnesium Aluminium Hydride

Fossdal et al. [78] studied the structure of magnesium aluminium hydride Mg(AlH4), by
both X-ray and neutron diffraction. They found that the structure is a sheetlike
arrangement consisting of [AlH4]- tetrahedra surrounded by six Mg atoms in a distorted

MgHs octahedral geometry (Figure 2.14).

Fig 2.14. Crystal structure of Mg(AlH4), along the a-axis (a) and the c-axis (b) [78].

The dehydrogenation process of this hydride occurs at 163 °C according to the
following equation and without the involvement of (AlHg)s:

Mg(AlH4),—MgH, + 2Al+ 3H, 2.2
the resultant MgH, releases hydrogen at ~280 °C, and the remaining Mg reacts with Al
to produce Al;Mg at 400 °C. This process is prohibited thermodynamically [79].
Komiya et al. [80] studied the effects of TiCl; on the hydride. They found that 1-5

mol% TiCl; reduces the desorption temperature of the first reaction. A large amount of
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hydrogen was released during ball milling of a sample of Mg(AlH4),+ 5 mol% TiCls at
RT. However, a maximum of 0.3 wt% hydrogen was absorbed by a sample of

Mg(AlHy4), + 1mol% TiCl; at 330 °C and under 30 atm hydrogen pressure.

2.6.1.4 Calcium Aluminium Hydride

Ca(AlHy), is very similar to Mg(AlH4), but with a theoretical maximum hydrogen
capacity of 7.9 wt% and a theoretical reversibility of 5.9 wt%. Mamatha et al. [81] and
Komiya et al. [80] synthesized Ca(AlH4), by the following reaction:

2NaAl H4+ CaCl, — Ca(AlHy),+2 NaCl 2.3

and the decomposition processes take place in two steps:

Ca(AlHy4); — CaHy+2Al1+3H, (110-200 °C) 2.4a

CaH, — Ca+H (280 °C) 2.4b

Showarz et al. [82]presented different methods of synthesis for the tetrahydrofuran
(THF) adduct of Ca(AlH4),THF, . Decomposition of the sample, because of the release

of coordinated THF and hydrogen, produces CaH, and Al.

Neither Mg(AlH4), nor Ca(AlH4), have a potential for further expansion as a solid state
material for hydrogen storage because of their poor hydrogen storage properties in

comparison with LiAlHy.

2.6.1.5 Sodium Borohydride

Sodium borohydride (NaBHy4), which is not a new compound, but was discovered in the
1940s, can be used in many different purposes, for example, as a reducing agent in

various organic and inorganic processes [83]. Starting from 2000, it has been considered
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as a candidate hydrogen carrier and supplier for fuel cells and hydrogen production
systems [84]. NaBH4 can be produced from trimethyl borate and sodium hydride
reactants from the so-called Rohme-Hass process:

4NaH + B(OCHj3); — NaBH4 + 3NaOCH3 2.5
in which this reaction is generally performed in an autoclave [85]. Hydrogen can be

released via thermal and catalytic dehydrogenation of NaBHy:

NaBH4 + (2+x)H,O — 4H, +NaBO,.xH,0 2.5
to suppress the self-hydrolysis of NaBH,4, NaOH should be added to the process. It can
be added in different amounts from 5 tol5 wt%, however, 3-5 wt% is considered to be

sufficient to control hydrogen release [86].

Despite the acceptable hydrogen storage capacity and desorption kinetics of NaBHy, its
production and regeneration is too difficult for practical on-board applications. However,
Demirici et al. [87]showed that NaBH4 has a potential for portable and/or niche

applications.

2.6.1.6 Lithium Borohydride

In 1940, Shlesinger and Brown [88] synthesized lithium borohydride (LiBHj) by
reaction of ethyl lithium with diborate (B¢Hg):

2LiH + B,Hs — 2LiBH4 2.6
The thermal desorption spectrum of the hydride shows four endothermic peaks
attributed to 1) a polymorphic transformation around 110 °C, ii) melting at 267- 280 °C
,ii1) the first dehydrogenation at 490 °C, and iv) the release of three of the four hydrogen

atoms at 680 °C [89]. Additives to LiBH4 may reduce the desorption temperature, Tges.
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For example, Ty 1s reduced by almost 100 °C in the presence of SiO; [90]. Vajo et al.
[91] showed that addition of 1/2MgH, to LiBHy4 yielded a destabilized, reversible
hydrogen storage system with a hydrogen capacity of 8-10 wt%. Fan et al. [92] have
shown that adding 16 wt% Nb,Os to a composite of MgH, + LiBHy4 produced a material
system with a gravimetric hydrogen capacity of 6-8 wt% below 400 °C, which could be
rehydrogenated to 5-6 wt% in 4 h at 400 °C and 1.9 MPa. Recently, Mao et al. [93]
prepared a TiFs-doped LiAlH4-LiBHs system by ball milling. Their results
demonstrated that the onset desorption temperature of the sample with 5 mol% TiF;
decreased by ~64 °C and the decomposition enthalpy decreased by 14 kJ/ (mol)H,. This
system could absorb 3.76 and 4.78 wt% hydrogen at 600 °C and 4 MPa in 1 h and 14 h,

respectively.

Although LiBH4 is a promising candidate for hydrogen storage for on-board
applications, its drawbacks, such as irreversibility and high thermodynamic desorption

enthalpy, have remained challenges and need more research to improve.

2.6.1.7 Magnesium Borohydride

Magnesium Borohydride, Mg(BH4),, has been accepted as a potential candidate
hydrogen storage material because of its large hydrogen capacity (14.9 wt%) and
smaller enthalpy (22.7 kImol'H,) in comparison with LiBH4 [94, 95]. It has been
synthesized according to reaction 2.7 [96] and also several other new reactions [97].

MgCl, + 2NaBH4 — Mg(BH4), + 2 NaCl 2.7
while dehydrogenation starts around 300-400 °C and continues in several steps to a

maximum of 13 wt% up to 500 °C [96].
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Li et al. [96] found that ball milling the hydride with TiCl; reduced the initial Tges
significantly. Fichter et al. infiltrated Mg(BH,); into the voids of activated carbon with a
pore diameter of < 2 nm and found that the decomposition temperature of Mg(BHa)»
was reduced [98]. Recently, Yu et al. [99] demonstrated a system of ball-milled
Mg(BH4),/LiNH,, in a 1:1 ratio, which improved the dehydrogenation process. Their
system released 6.8 wt% hydrogen below 300 °C and 4.6 wt% hydrogen from 300-
500 'C. Very recently, Fang et al. [100]reported that a LiBH,/Mg(BH,), mixture,
formed by mechanical milling and a subsequent heating process, exhibited different
thermal dehydrogenation behaviour from any of the constituent materials. The sample
showed a lower onset temperature, Tonset, and also made it clear that the decomposition

reaction involved a different pathway in comparison with LiBH4 and Mg(BHy),.

The details of the reaction mechanism and the roles of the additives are not clear yet,
and this knowledge is necessary for further improvement of both the desorption and the

rehydrogenation properties of Mg(BHy4),.

2.6.1.8 Calcium Borohydride

Ca(BH4), was synthesized in the 1970s, but its crystal structure was determined in 2006
by Miwa et al. [101], who found that it was orthorhombic with space group Fddd.
Nakamori et al. [102] found that if the value of the electronegativity of M increases, the
dehydrogenation temperature of M(BH4), decreases. In addition, the theoretical
hydrogen capacity of Ca(BH4), is 11.5 wt%. These findings were an indication that
Ca(BH4), may have superior hydrogen storage properties to LiBH4. The most likely
dehydrogenation reaction based on the Density Functional Theory (DFT) is [103]:

Ca(BH,), — 2/3 CaH, + 1/3 CaBg +10/3 H, 2.8
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which is assumed to release 9.6 wt% hydrogen. This desorption is supposed to occur at
~98 °C based on DFT, while experimentally, it happens above 200 °C. On the other
hand, in situ X-ray diffraction has shown that the desorption route of the hydride is:
Ca(BHy), — CaH, + 2B + 3H, 2.9
in which the theoretically released hydrogen is supposed to be 8.7 wt % [104]. Riktor et
al. [105] suggested that an unknown intermediate compound is formed during the
dehydrogenation of the hydride. Partial rehydrogenation is reported to continue above

350 °C and 100 atm for two weeks [106].

Up to the present, the desorption kinetics and thermodynamics of Ca(BHy), are not
explicitly known, while they are of considerable importance in attempts to find the

nature of its hydrogen storage properties.

2.6.1.9 Lithium imide and lithium amide

In 2002, Chen et al. [107] reported a new reversible hydrogen storage system of Li-N-H,
which met the gravimetric and volumetric criteria of the DOE target (Table 2.4). In this
ternary system, Li forms three hydrogenated compounds: an imide (Li,NH), an amide

(LiNH>), and a nitride hydride (LisNH). The imide forms by one of the following

reactions:
2LiNH; — Li,NH + NH;3 2.10
2LiH + NH; — Li,NH + 2H, 2.11

Titherley [108] prepared the amide by exothermic reaction between lithium metal and
ammonia:

2Li+ 2NH; — 2LiNH;, + H; 2.12
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Therefore, the hydrogenation occurs in the two following steps:

Li;N + 2H, — Li,NH + LiH + H, — LiNH, + 2 LiH 2.13
The hydrogen storage capacity of the system is 11.5 wt%, and the overall heat of the
reaction is -161 kJ/mol. However, the second step is reversible below 300 °C, and by
reacting the imide with hydrogen up to 7wt%, hydrogen can be stored with a favourable

enthalpy AH = -45 kJ/mol.

The dehydrogenation process also occurs in two steps:
2LiNH; — Li,NH + NH3 2.14
NH; + LiH — LiNH; + H, 2.15

in which the first step is the rate limiting step [109].

As with other promising candidates for hydrogen storage, to reduce the desorption
temperature of the amide, most of investigations have focused on two main approaches:
ball-milling and addition of catalysts. Makmaitree et al. [110] ball milled the amide and
reported that Tonser Was reduced from 120 °C to room temperature. They explained this
by mechanical activation via particle size reduction. Ichikawa et al. [109] ball milled a
LiNH,/LiH mixture and observed that hydrogen was released over a temperature range
of 180-400 °C and also that the amount of released ammonia was reduced significantly.
This group then added 1 mol% of Ni, Fe, CO, and TiCl; to the ball-milled mixture and
found that both NHj evolution and the desorption temperature were drastically reduced,
particularly for the sample including TiCls;, which released 5.5 wt% hydrogen between
150 °C and 250 °C. Isobe et al. [111] confiremed the results of TiCl; doping and also

found that Ti and TiO, were effective for reducing the desorption temperature.

36



Chapter 2

Although the imides and amides clearly offer some advantages for reversible and high
capacity hydrogen storage, there are fundamental challenges in their practical
applications due to their tendency to be hygroscopic and even pyrophoric as a result of
their sensitivity to water and air, and also their low desorption kinetics and high

desorption temperature.

2.6.2 Metal hydrides

The thermodynamic behaviour as well as the capacity of a metal hydride can be characterised
by its Pressure-Composition Isotherm (PCI) . Fig. 2.15 depicts an ideal PCI curve of a
typical metal hydride at a constant temperature. In the first step of the curve the
hydrogen adsorbed by the metal is increased by increasing the hydrogen pressure, and
the metal forms a solid solution with hydrogen called the a-phase. When this phase
reaches its maximum hydrogen solubility, the formation of the hydride phase (B-phase)
will start [112]. At equilibrium pressure (P.), the transformation from a-phase to -

phase becomes complete. At this flat plateau pressure, both of the phases co-exist.
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Fig. 2.15. Ideal PCI curve (left-hand side) and the corresponding Van’t Hoff plot (right-

hand side) for a metal hydride [113].
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The plateau pressure will rise with temperature according to the Van‘t Hoff equation

[122] and disappear at the critical temperature T.:

Ln}’e=£+£ 2.16
RT R

in which R is the gas constant, 7" is the absolute temperature, and AS and AH are the
entropy and enthalpy changes per mole H,. The enthalpy of hydride formation can be

easily determined from the slope of the Van’t Hoff plot.

The reaction kinetics of metal hydriding/dehydriding is an important consideration for
practical hydrogen storage applications. It has been shown that the hydrogen absorption
reaction is composed of several different steps, including: 1) dissociation of hydrogen
molecules to hydrogen atoms, 2) surface penetration of hydrogen atoms, 3) diffusion of
hydrogen atoms through the hydride layer by a vacancy mechanism (a phase) or
interstitially (B phase), 4) nucleation of the o or  phase, and 5) movement of the o/f
phase [114, 115]. For hydrogen desorption, the steps include: 1) hydride decomposition
at the hydride/metal interface, 2) diffusion of hydrogen atoms through o phase, 3)
surface penetration of hydrogen atoms, 4) recombination of chemisorbed hydrogen
atoms and physisorption, and 5) desorption to the gas phase [115, 116]. If one of the
steps, in either hydriding or dehydriding, is very slow compared to the others, it is
known as the rate-limiting or rate-determining step. On the other hand, there are some
theoretical kinetic equations related to different rate-limiting steps which are

summarized in Table 2.6 with descriptions of their corresponding models [117].

Description of the absorption/desorption kinetics is possible by plotting the left side
equations in Table 2.6 versus time. The plot giving the best linearity determines the rate

limiting step. Equation 2.17 describes the time dependency of the rate constant, £:
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Ea
RT

k = Aexp(—%)

where A is a pre-exponential constant, E, is the activation energy, and R is the gas

constant.

Table 2.6. Kinetic equations related to different rate-limiting steps. f = reacted fraction,

t = time, k = reaction rate constant, CV = contracting volume model and JMA =

Johnson-Mehl- Avrami model.

Kinetic equation

Description

f=kt

Surface controlled (chemisorption)

[-In(1 - )] "®=kt

JMA 3D: Random bulk nucleation/surface
and three-dimensional growth of the
existing nuclei

[-In(1 - )] "? =kt

JMA 2D two-dimensional growth of
existing nuclei

1-1-1" =kt

CV 3D : contracting volume, three-
dimensional growth

1-(1-H" =kt

CV 2D : contracting volume, two-
dimensional growth

1-2f3) -(1-H =kt

CV 3D (variable velocity): contracting
volume, three-dimensional growth
diffusion controlled by decreasing

interface velocity

Intermetallic compounds (IMC) consist of two or more metals with a common formula:

AByH,. They are classified as several groups based on the stoichiometric ratios of A

and B such as: ABs, AB, and Ti-based body centred cubic (BCC) compounds.

The main studies on the ABs compounds have been done on LaNis. Although these
materials have low hysteresis and ease of activation in the initial cycle, their costs, low

hydrogen storage capacity (a maximum of 1.9 wt %) [118], and degradation during
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hydriding/dehydriding are their major drawbacks. Many investigations have been
conducted on them, mainly by substitution of other metals [119-122] to improve their
properties. However, there has been little in the way of a breakthrough in the LaNis

based hydrogen storage materials so far.

The main studies on the AB compounds have been done on TiFe. The advantages of
this compound are inexpensive materials and high volumetric density. However, low
hydrogen storage capacity, high sensitivity to oxygen and moisture, and pronounced
hysteresis are their disadvantages [123, 124]. Although substitution of both Ti and Fe by
other metals, such as Pd, Al, and Ni [125-127] could improve the hydrogen storage
properties of these compounds, the results are still too far from the target. Consequently,

there have been very few reports on TiFe recently.

Ti-based BCC phase alloys have attracted great attentions recently. They can store
hydrogen up to 4 wt% at room temperature [128]. Huang et al. [129] reported a
hydrogen storage capacity of 3.2 wt% and a reversible capacity to ~2 wt% for
TiCr;2(V-Fe)o¢ at RT . Recently, Mi et al [130] investigated the effect of Al on
Ti26.5Cr20(Vo.asFeo.0s5)100xAlxCeo s alloy. They reported that by increasing Al content,
the lattice parameter of the BCC phase and, as a result, the hydrogen desorption
equilibrium pressure increased, but the capacity decreased. In spite of many studies on
BCC alloys, their drawbacks, their low hydrogen storage capacity and the cost of

vanadium, could not be solved until the present.

40



Chapter 2

Another important metal hydride is MgH,, but as the centre of attention of this thesis is
on it, its hydrogen storage properties and related background have been described in an

independent subchapter.

2.7 Magnesium Hydride

2.7.1 Introduction

Magnesium hydride (MgH;) has attracted scientists for hydrogen storage applications
due to its high energy density of 9 MJ/Kg, a theoretical hydrogen capacity of 7.6 wt%,
which could translate into 2200 mAh/g Mg, low cost, and abundance in nature [141].
These characteristics make Mg one of the best candidates for hydrogen storage for
vehicular applications. However there are some key drawbacks for its on-board
applications such as: extremely poor absorption/desorption kinetics as a result of
diffusion path limitations, high hydriding and dehydriding temperature, which is more
than 300 °C at 1 atm, and high sensitivity towards moisture and oxygen [131].
Numerous investigations have aimed to improve the hydrogenation properties, which
mainly have involved: i) utilizing ball milling and ii) introducing additives. In this
section, a brief discussion of the history, structure, and properties of magnesium
hydride will be presented, after that its absorption/desorption thermodynamics, and

finally methods to combat the drawbacks will be explained in detail.

2.7.2 History

MgH; was produced first in 1912 when pyrolysis of ethylmagnesium halides yielded a

small amount of magnesium hydride mixed with ethylene and magnesium halide [132]:
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2MgXC,H; — MgH, + MgX, +2C,H4 2.18
and in 1951, pure MgH, was synthesized by pyrolysis of diethylmagnesium at 400 K in
vacuum:

Mg(C,Hs), — MgH, + 2C,H4 2.19
finally, reacting Mg with hydrogen at 200 bar and 850 K in pthe resence of Mgl as
catalyst, produces MgH, in a larger amount [133]:

Mg + H2 — MgHZ 2.20

More recently, lower temperature production from Mg and H, using ball milling of
nanocrystalline Mg has been investigated [134]. Developing milling methods to
economically produce large quantities of metal hydrides, including magnesium hydride,

is an important challenge.

2.7.3 Structure and Properties

Magnesium is a silver alkaline earth metal with atomic number 12, atomic mass 24.305
au, and oxidation number +2. It is the eighth most abundant element in the Earth’s crust
by mass [135]. Mg is readily ignitable and can be ignited spontaneously in the presence
of water. Its ignition temperature in dry air is 918 °C, which decreases with increasing
moisture content. Since it is highly reactive, the free metal is not found naturally.
Fournier et al. [136] reported that oxidation of Mg at RT and 150 °C for 15 min results
in an oxide layer of less than 2 nm. The crystal structure of magnesium is hexagonal

with @ = 0.321nm nd ¢ = 0.521 nm, space group P63/mmc, and a density of 1.74 g/cm’.

The uptake of hydrogen in Mg starts with adsorption and dissociation of hydrogen

molecules on the magnesium surface and continues to diffusion and hydride formation.
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During this process the hydrogen atoms initially occupy tetrahedral interstitial sites to
form a solid solution of hydrogen in magnesium, called a-phase [137]. Furthermore, on
addition of H-atoms, the B-phase will appear, which has a body-centred tetragonal
lattice of rutile type with lattice parameters a = 0.452 nm and ¢ = 0.302 nm, density 1.42
g/em’, and space group P4,/mnm (Fig 2.16) [133]. X-ray diffraction showed two Mg
atoms at (000) and (1/2,1/2,1/2) and four H-atoms at =(x, x, 0) and (x+1/2, 1/2 +x, 1/2)

with x =0.306 [138].

Fig. 2.16. Crystal structure of B-MgH,[133].

The B-MgH, transforms to metastable y-MgH, under 7-8 GPa stress, which could occur

during ball milling [137]. The structure of y-phase is orthorhombic with lattice

parameters a = 0.453 nm, b = 0.544 nm, and ¢ = 0.493 nm, and space group Pbcn [112].

The desorption temperature of MgH, is more than 300 °C at a pressure of 1 atm, which

is too high for practical applications.
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2.7.4 Thermodynamics

MgH, can be formed by the exothermic reaction shown in the equation 2.20. The
enthalpy (AHy) and entropy (ASs) of formation are about -74.5 kJ/(mol) H, and -135
J/(Kmol) H,, respectively [139, 140]. Although the magnitude of the enthalpy of MgH,
is lower than for other alkaline earth metals, it is still very high compared with the target
(Table 2.4). Therefore, a range of enthalpy between 10 and 60 kJmol'H, is desirable
[141], in contrast with physisorption, which is below -10 kJmol™'H,, and chemisorption

which is higher than 60 kJmol'le.

In addition to the high heat of formation of MgH,, its poor absorption/desorption
kinetics is another drawback which is a result of the absorption mechanism. As
mentioned in Section 2.6.2, the absorption starts with hydride formation at the Mg
surface, in which its rate of formation is controlled by the density of nucleation sites.
Then, the reaction naturally stops, because formation of a hydride layer has covered the
surface and prevented the penetration and diffusion of hydrogen to the core of the Mg
particles, resulting in slow kinetics [115, 141]. In the first step of the desorption process,
a-phase forms at the surface of a particle, and the process continues with the formation
and growth of Mg nuclei. In the final step, Mg phase is formed by a volume contraction
in the particles, which supports the release of hydrogen through the Mg layers [142].
These absorption/ desorption mechanisms lead to a sluggish kinetics, even at high
temperature. Many methods have been investigated by researchers to improve both
thermodynamics and kinetics problems of MgH,, which generally involve ball milling

and utilising additives.
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2.7.5 Ball milling

Ball milling is the most common method for improvement of the hydrogen storage
properties of MgH,. This technique is a powder processing in which powder mixtures
are placed in a ball-mill vial and deformed by collision of balls. Superior samples can
be achieved by altering milling parameters, such as milling mode, time, and speed, and

the ball-to-powder weight ratio .

There are several types of ball milling processes, such as mechanical alloying (MA),
mechanical milling (MM), reactive mechanical alloying (RMA), reactive mechano-
chemical synthesis (MCS), and mechano-chemical activation synthesis (MCAS) ,which

differ in their milling atmospheres and starting materials [143, 144].

Regardless of which of these types is used, ball milling has various effects on hydrogen
sorption properties such as by decreasing the particle size and agglomeration of particles,
increasing the surface area, introducing defects, increasing nucleation sites, and
reducing the diffusion path lengths for hydrogen penetration and release. These effects
could enhance the absorption/desorption time as well as the desorption temperature of
MgH, significantly. For example Huot et al. [145] showed that ball-milled MgH, could
fully absorb at 300 °C and desorb at 350 °C with kinetics 5 times faster than for the
unmilled sample. Varine et al. [146] found a near linear reduction of the desorption

onset temperature (Topser) from 370 °C to 330 °C.

Although ball milling has the above-mentioned positive effects, the exact effect on
hydriding/dehydriding mechanisms is not clear yet. For instant, Selvam et al. [147]

believed that the rate determining step (see 2.6.2) in hydrogen desorption of MgH, is
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the diffusion of H-atoms through the Mg grains formed on the surface of the sample.
Whereas, Barkhordarian et al. [148]found that it is the recombination of Hy-molecules
on the surface of the sample. In both cases, ball milling could improve the rate of
dehydrogenation by reducing diffusion pathway lengths or by increasing the surface

arca.

Furthermore, ball-milled MgH, showed a phase transformation from p-phase to y-phase
(see 2.7.3) as a result of compressive stress. For example, in the Huot et al. [145] results
on 2 h ball milling of MgH, showed that the sample contained 18% y-MgH,. This
partially transformed y-phase usually changes to B-MgH; in the first cycle. The main
disadvantage of ball milling is the formation of MgO on the surface of magnesium due

to oxygen contamination and pick-up in the mill [136].

2.7.6 Additives

Additives may improve hydrogen storage properties by hydrogen dissociation on their
surfaces, increased defects and surface area, and/or removal of the required activation
step. A combination of ball milling and a catalyst could result in a considerable
improvement in both hydrogen cycling kinetics and reduction of the operating

temperature.

2.7.6.1 Transition Metals

Various types of transition metals are used as catalysts for MgH,, such as: vanadium
[149-151], titanium [149, 152], nickel [153-155], niobium [156, 157], and palladium

[131, 158]. Liang et al. [151] reported that ball milling MgH, + 5 at% V released
g p g Mg
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hydrogen completely in ~3 min at 300 °C, while pure MgH, released only 2 wt%
hydrogen in ~30 min. The sample absorbed 2 wt% hydrogen at RT in 17 min. Dehouche
et al. [150] proposed that vanadium acts as a catalyst for dissociation of H, molecules to
H-atoms, and also exhibits high hydrogen density and diffusivity due to the small lattice
parameters of vanadium. Charbonnier et al. [149] showed that MgH, that was ball
milled for 100 h with 5 at% V absorbs 4.5 wt% hydrogen at 250 °C and 10 atm. Ti has
similar effects to V. It was reported that MgH, ball milled with 9 wt % Ti shows
complete hydrogen desorption at 300 °C [152]. Lu et al. [159] compared ball-milled
MgH; + 5 at% Ti and pure MgH,. Their results showed that the sample with titanium
released its total absorbed hydrogen in ~8 min, which is 6 times faster than the pure

sample.

Pd is another catalyst for hydrogen sorption of MgH,. Zaluska et al. [131] added 1 wt%
Pd nanopowder to MgH, in a shaker-style ball mill. Their results indicated that the Pd
was dispersed on the MgH, surface. The doped sample soaked up 6 wt% hydrogen in ~
40 min compared with 120 min for the pure sample. Another important effect of Pd was
on Mg surface oxidation, and it eliminated the need for an activation step. The cost of V

and Pd inhibits their broad practical applications.

Ball milling magnesium with Ni significantly improves the hydriding/dehydriding
kinetics. This is because of the strong affinity of Hy-molecules for nickel, where they
dissociates readily to H-atoms and adsorb onto the surface layer of nickel particles [160,
161]. Holtz and Imam [154] studied the addition of 1 at% Ni to MgH, and showed a

50% increase in hydrogen capacity, a decrease of 100 °C in T,pset of hydriding and of 75
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°C in Topset of dehydriding. Jensen et al. [162] found that MgH, + 2 wt% had an

activation energy of 250 KJ/mol, which is 50 Kj/mol less than for their pure sample.

In summary, transition metals dissociate H,-molecules to H-atoms, which enable them
to diffuse along grain boundaries between Mg and catalysts. Therefore, the interface

between Mg and the catalyst acts an active nucleation site for the hydride phase [163].

2.7.6.2 Metal oxides

Metal oxides are promising catalytic additives to MgH,. They have both catalytic
effects and act as a milling aid by creating defects in the MgH, structure. Because of
decreasing hydrogen capacity due to adding metal oxides, most investigations have
focused on small additions. Oelerich et al. [164] ball milled 0.05 wt% of V,0s with
MgH; for 120 h and found noticeable improvement in the absorption and desorption
kinetics at 300 °C. V,0s was doped into MgH, by Jung et al. [165] as well. Their
sample released 2-3 wt% H; at 250 °C and 6 wt% at 300 °C and under vacuum, within
120-360 s. The addition of Cr,O3 to MgH» was studied by several groups [165-167].
Bobet et al. [166] showed a desorption of more than 50% of the stored hydrogen in 30
min at 300 °C. Dehouche et al. [150] fabricated a sample of MgH, + 0.2 mol% Cr,0;
and demonstrated that the desorption rate decreased by a factor of four after 1000 cycles
at 300 °C. Some studies has been made on the hydrogen storage properties of MgH, +
Fe,O; or Fe;04 [168, 169]. Huang et al. [169] ball milled Mg with Fe,O3 (and Fe;0,) in
hydrogen atmosphere with an atomic ratio of 20:1. The sample including Fe,Os released
6 wt% hydrogen, and 5 wt% was released for the Fe;O4 doped sample, with Topser =

300 °C. Both samples showed a rehydrogenation of 4 wt% and 4.4 wt%, respectively.
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Nb,Os 1s the most effective metal oxide additive investigated by several groups [170-
173]. Barkhordarian et al. [170] reported 6.6 wt% hydrogen desorption at 250 °C within
10 min. Complete desorption from the 100 h ball-milled MgH, + 4 wt% Nb,Os
composite occurred within 1.5 min at 300 °C. Milling for 20 h and 2 h increased the
desorption time by a factor of 2 and 10, respectively. Aguey-Zinsou later [173] found
that the desorption kinetics of 700 h ball-milled pure magnesium hydride is the same as
200 h ball-milled MgH; + 17 wt% Nb,Os. The lowest Tges reported so far is 163 °C for
20 h ball-milled MgH; + 1 mol% Nb,Os, which released 5 wt% hydrogen in 100 min
[174].

The mechanism of the catalytic effects of metal oxides, the same as for other catalysts,
is still unclear. Oelerich [168] proposed that the high defect density introduced on the
metal oxide particles because of high energy ball milling was responsible. Friedrichs et
al. [171] showed a reduction in the Nb particles after recycling, and a phase of
MgNb,0;67 was observed in their X-ray diffraction patterns. Based on these results,
they proposed a reaction mechanism involving a lower oxidation state of NbyOs
particles that introduce a network of pathways for hydrogen diffusion through the MgH,

layers.

2.7.6.3 Intermetallics

Hu et al. [175, 176] used TiMn, s and Tis75V25Crs7 5 as additives for MgH, and found
that the desorption temperature was in the range of 250-270 °C. Liang et al. [177]
observed that ball-milled Mg + 30 wt% LaNis transformed to MgH, + LaH; + Mg,NiHy
after hydrogenation. Therefore, they concluded that LANis is not a direct catalyst for
MgH, hydrogenation. A reactive mechanical milling (RMM)of MgH, + Mg,Ni and

MgH; + Mg;Ni; My (M = Fe, Co) desorbed 5-6 wt% hydrogen at 300 °C and 0.1 atm
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within 50-105 min [178]. Li et al. [179] ball milled Mg mixed with 20 wt% Y-Ni in 30
atm hydrogen pressure and found ~4 wt% absorption at RT in 40 min, 4.5 wt% at
100 °C in 100 s and 5.5 wt% at 200 °C within 200 s. Unfortunately, their composite did
not release hydrogen below 300 °C, and at this temperature it desorbed ~5 wt% after 30
min. Vijay et al [180] synthesized MgH, + 40 wt% FeTiMn composite by mechanical
milling. The sample absorbed 4 wt% and 3.8 wt% hydrogen at 80 °C and 300 °C,
respectively, after 13 min. and under 3 atm hydrogen pressure. The main disadvantage
of the composite was the large amount of additive required. Gu et al. [181] prepared Mg
+ 30 wt% TiV|Mny by reactive ball milling in hydrogen atmosphere for 20 h at 200
rpm. The sample absorbed 4.46 wt % hydrogen at 330 °C and 30 atm within 60 min,

and 1.77 wt% in the same period and pressure at ~100 °C, with very good reversibility.

Recently Yu et al. [182] synthesized highly activated magnesium hydride by a 5 h ball
milling of Mg with Tiy4Crg;sMng 15V30, (BCC), under 30 atm hydrogen pressure. The
sample released 6.15 wt% hydrogen at 250 °C in 100 min and soaked up 5.66 wt% H, at
80 °C within 150 min. Based on the scanning electron microscope (SEM) results, they
concluded that the diffusion of H-atoms in the bulk Mg increases as a consequence of

embedding the nanosized BCC alloy in the magnesium aggregates.

2.7.6.4 Graphite and Carbon Nanotubes

In 1999, Imamura et al. [183] ball milled Mg with graphite and benzene additives for 20
h. Their sample started absorption at 180 °C. After that, a number of researchers
investigated hydrogen absorption/desorption of Mg + graphite nanocomposites [184-
186], but the kinetics were almost the same as those obtained with other additives.

Huang et al. [187] fabricated a MgH,-graphite composite by mechanically milling in
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hydrogen atmosphere, using a low energy Uni Ball Mill 5. They reported that the
rehydrogenation temperature of their sample was 35 °C lower than that of their as-
prepared sample. In addition, their composite had noticeable desorption kinetics.

CNT was added to Mg/MgH, powder by reactive milling [188], and by being first
mixed and then milled [189][209, 210]. The reactively milled powder absorbed 3.6 wt%
hydrogen at 200 °C in 30 min. Wu et al. [189] ball milled a mixture of MgH, + SWCNT
and reported almost 5 wt% absorption at 300 °C in 1 h and 6 wt% at 350 °C within 5
min, which did not represent any significant development in the sorption properties of
MgH,. Bouaricha et al. [190] found a significant effect on the activation of ball-milled
samples by addition of graphene. The adsorbed graphene layer on Mg surfaces formed
highly active carbon particles during ball milling, which removed the oxide layer from

the surface, and by this addition, there was no need for any extra activation process.

Despite huge investigations into the effects of different types of carbon on the hydrogen
storage properties of magnesium and magnesium hydride, there is no compelling

evidence that they can act as powerful catalysts to improve MgH, sorption properties.

In summary, MgH, is still one of the most promising candidates for hydrogen storage
purposes; however, in spite of the described background of investigations, its drawbacks
restrict it from practical applications. Therefore, in this thesis, in proceeding from other
reports, the main focus is on firstly, improvement of surface area and increasing defects
by ball milling and also by addition of a hard material, such as SiC, and secondly,
doping with catalysts to play different catalytic roles, such as hydrogen molecule

dissociation and hydrogen pumping into interior layers of Mg.

51



Chapter 3

Chapter 3

Experimental methods and materials

3.1 Materials

All the materials used are listed in Table 3.1 with relevant information.

Table 3.1. Description of materials used.

Name Molecular Purity Particle Size | Manufacturer
formula
. Sigma-
V)
Magnesium Mg >99 % 44 pm Aldrich
) . Sigma-
o
Magnesium Hydride MgH, 99.7 % 50 pm Aldrich
Academy of
Silicon Carbide SiC 99.9% <10 nm Science,
China
i ) . Sigma-
Nickel Ni 99.9% 1 mm Aldrich
o . Sigma-
Titantum Ti 99.9% 5-9 mm Aldrich
Sigma-
Vanadium \% 99.7% 0.5 mm Allilrliljh
Sigma-
Manganese Mn 99 % 1.5 mm Allirr?gh
. Sioma-
Chromium Cr 99.5% 2 mm Allitr?jh
Carbon nanotubes Outer diameter Sigma-
. MWCNT >95% 20-30 nm, Aldrich
(multiwalled)
length 0.5 pm
Argon Ar >99.5 N/A BOC
Hydrogen H, >99.99% N/A BOC
Helium He >99.99 % N/A BOC
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3.2 Materials synthesis

3.2.1 Uni-Ball-Mill 5

In the Uni-Ball-Mill 5, the motion of the balls is controlled by the external magnets
[191]. As shown in Fig. 3.1, the ferritic steel balls in the vial are attracted to the inside
surface of the jar by strong Nd-Fe-B permanent magnets placed outside the vial.
Therefore, this kind of ball milling allows the operator to control the milling energy by

adjusting the magnet position.

Fig 3.1. Milling vial and magnet mounted in Uni-Bball-Mill for the mechanical strong

impact mode.

By changing the magnet positions, four milling modes are available: low energy
shearing, high energy shearing, low energy impact, and strong impact modes (Fig 3.2).

Also, there are other advantages of this instrument, such as less contamination from the
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balls and the vial because of low rpm and the presence of valves on the jar for filling
with inert gases such as hydrogen. There are various parameters of the Uni-Ball-Mill
which affect the ball-milling process of a composite, and they have to be fixed before
starting an experiment. They include number of balls, milling speed, milling time, vial
atmosphere, ball-to-powder weight ratio (B/P), and the distance between the magnet and
the jar (working distance). The magnet-jar distance is fixed in our laboratory and is 2

mm.

Shearing moide
ilow eneTEy)

Sgpb

cla=2-15mm

v

Shearing mode
(high cocrgy)

Impact mode 2

[llmll} I-,:,l...,.
M a=2-10 mm
Il e

Fig. 3.2. Motion of balls in the magnetic ball mill [191].
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MgH,-SiC (Chapter 4), MgH,-SiC-Ni (Chapter 5), and MgH,-BCC (Chapter 6) have all

been synthesized by this ball-milling instrument.

3.2.2 QM-3SP2

QM-3SP2 is a planetary ball mill in which rotating jars are installed on a revolving disk
(Fig. 3.3(a)). This kind of ball mill potentially can impart high energy to the powder
[192]. The motion of the shell and balls is shown in the schematic diagram in Fig. 3.3(b).
When the turn-plate rotates, the tank axis makes planetary movements, and the balls in

the tanks grind and mix samples at high speed.

QM-3SP2 is the requisite instrument for mixing, fine grinding, and small sample

production. Its features are:

e Gear-drive guarantees high uniformity and repeatability of experiments;

e Fast rotational speed, high efficiency and fine granularity;

e Four samples with different sizes and materials in one experiment available;

e Continual speed regulation;

e Ideal rotary speed selection according to experimental results;

e Timed powering-off, positive and negative revolution if required;

e Features low centre of gravity, good rigidity, compact structure, safety, reliable

operation, low noise, no pollution, and low wear.

All samples in Chapter 7 (Mg-BCC-CNT), and the Mg+10wt%Ni (ball-milled) and
Mg-Ni (ball-milled-cast) samples (Chapter 8) were fabricated using this ball-milling

Instrument.
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(@)

Rotational speed of the pot: A,

Revolution speed of the disk: N

dy

(b)

Fig 3.3. a) QM-3SP2 planetary ball mill. b) A schematic diagram of the planetary ball

mill [192].
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3.3 Physical analysis

3.3.1 X-Ray diffraction

X-ray diffraction (XRD) patterns for MgH,-SiC (Chapter 4) and MgH,-SiC-Ni (Chapter
5) samples were obtained using a Philips PW 1730 generator and diffractometer with
Cu K,, radiation (A = 0.15418 nm) and operated at 40 kV and 30 mA. This equipment is
useful for a range of powder, crystal, and thin film samples. The XRD patterns of the
MgH,-BCC (Chapter 6), MgH,-BCC-CNT (Chapter 7), and the Mg+10wt%Ni (ball-
milled) and Mg-Ni (ball-milled-cast) samples (Chapter 8) were obtained by the GBC-
MMA X-Ray Diffractometer . It is a versatile compact diffractometer capable of an
extended range of materials analysis functions, including 6-0 mode. It also maintains a
horizontal sample stage, has a new advanced microprocessor controller, and has new

sample stages for large, heavy, and bulky samples.

3.3.2 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) enables researchers to study a specimen’s
structure in detail, even details as small as a single column of atoms. The sizes, shapes,
and arrangement of the particles which make up a composite, as well as the elements
and compounds in the sample, and their relative ratios in areas of a few nanometers can
all be observed by TEM. The TEM installed in our laboratory is a JEOL 2011 that uses
a 200 kV LaB¢ filament, is equipped with 2 cameras, and is capable of both
conventional and cryo-TEM. Its operation software is jeol Fas Tem and Gatan Digital

Micrograph. The TEM analysis of MgH,-SiC (Chapter 4) is based on this instrument.
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3.3.3 Scanning Electron Microscopy

The scanning electron microscope (SEM) used for all samples was a JEOL JSM-6460A .
It is a low vacuum capable SEM with a conventional tungsten filament electron source,
which is well equipped for imaging as well as microanalysis. In addition, it is capable of
collecting secondary electron images at the acceleration voltage of 30 kV with a
maximum resolution of 3 nm. The filament supplies a high beam current capacity for
backscattered electron images and X-ray mapping. It also is equipped with a
quantitative energy dispersive spectrometer (EDS) for chemical analysis. Analysis
Station software controls the operation and allows users to capture images and analyse

data by EDS and X-ray maps on the SEM.

3.34 BET

Surface area is an important characteristic which can affect the quality and utility of
materials, and the best method to measure it is the Brunauer-Emmett- Teller (BET)
method. Therefore, the surface area of the first series of samples (MgH,-SiC) was

measured by BET using a Quanta-Chrome Nova 1000 instrument.

3.4 Hydrogen sorption properties

3.4.1 Differential Scanning Calorimeter

The most commonly used thermal analysis technique is differential scanning
calorimetry (DSC). It measures the alteration in the enthalpy of a composite due to
changes in its physical and chemical properties, such as melting, oxidation, hydrogen

desorption, and other heat-related changes, as a function of temperature or time and
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provides quantitative and qualitative data during phase transitions. Two DSC

instruments have been used for thermal analysis of our samples.

3.4.1.1 DSC Q100

With this system (Fig. 3.4), reversible and non-reversible thermal changes can be
identified, and exact determination of the heat capacity of a sample can be monitored.
Its temperature range is -90 °C to 500 °C, the required sample weight is 5-20 mg in an
aluminium crucible with a pressed lid, and the purge gas is 50 mL/min nitrogen. The
desorption temperatures (Tqes) for MgH,-SiC, MgH,-SiC-Ni, and MgH,-BCC were

measured by this instrument.

Fig 3.4. DSC Q100.

3.4.1.2 Mettler Toledo DSC1

The other DSC apparatus was a Mettler Toledo DSC1 (Fig. 3.5), with a temperature range from

-70 °C to 1200 °C, sample required weight of 5-20 mg in an aluminium crucible, and gas flow
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between 0 and 200 mL/min, with capability to switch up to 4 gases such as: air, argon, nitrogen,
and oxygen. All samples were loaded into the crucible in a glove box and transferred in an
argon filled bottle to the DSC apparatus to prevent sample oxidation. The Tges of the Mg-BCC-
CNT, Mg+10wt%Ni (ball-milled), and Mg-Ni (ball-milled-cast) samples were measured using

this facility.

Fig 3.5. Mettler Toledo DSC1 apparatus.

3.4.2 Hydrogen Content

The hydrogen sorption properties of all of the samples were studied by Sievert’s method
[193] using an Advanced Materials Corporation (AMC) Gas Reaction Controller (GRC)

instrument (Fig 3.6) which performs a quantitative analysis of the gas-solid reaction.

All of the samples were placed in channel 1 (chlhld) in a sample holder with
dimensions of 9.3 mm dia. x 25 mm x 1.7 cm and a temperature range of RT to 500 °C
and 20-30 atm hydrogen pressure. The connected computer is operated by the software

control program, GrcLV, which performs fully automatic operation.
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To calculate the accurate amount of absorbed/desorbed hydrogen, Ny mol of hydrogen
is first removed from the reservoir of the GRC (V1 in the Figure), and then the desired
amount is transferred to the reaction chamber where the sample is held (Chlhld or
Ch2hld). If the remaining molar amount of the hydrogen after gas-solid reaction is N,
the molar amount of the hydrogen absorbed by the sample, Nj, is:

Ns=No— N, 3.1
and the weight percent (wt%) of absorbed hydrogen is given by:

wt% = (Ns M, /m) x 100 3.2
where m is the mass of the sample and the molar mass of hydrogen is : M = 1.0079 x 2

mol.

The hydrogen absorption kinetics was studied in soak mode. In this mode, the system
fills the sample holder with the desired pressure and graphs the amount of absorbed
hydrogen versus time. Release mode is used for studying desorption kinetics. In this
mode, the pressure over the sample is reduced to a desired value by evacuating the
holder, and a graph is drawn of desorbed hydrogen versus time. To study the pressure-
composition isotherm (PCI) of a composite, the PCI (either absorption or desorption)

mode was used.

Operation procedure for any of the above-mentioned modes is:
e Place the prepared sample into the holder in the glove box.
e Run the software.
e Enter mass, density, and other required data on the sample.
e Select mode and related data such as pressure and temperature.

¢ Run the program.
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e Review the output data.

e Remove the sample and repeat the steps for a new sample.

chl
7 < >
Supply
High Connection chlhld
————1 pressure volume (conl)
; Vi V2
T manifold < >
(mnfH) TX1
Calibration
Vacuum B volume (smV)
ch2
——r
Vi1 |
Connection ch2hld
volume (con2)
v4 - < »
V6 \ =2
Connection
volume (conHL)
V7 ‘
- Control volume
W
1
pressure (g¥) e
manifold
va vio
(mnfL)
Pressure
transducer
(1poV)
v8

Fig. 3.6. (a) AMC Gas Reaction Controller. (b) A schematic of the chambers in the

GRC unit.
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The desired pressure, temperature, and other contributing data were different for

different samples and are mentioned in the “experimental details” of each chapter.

To determine the hydrogen content absorbed by MgH,-SiC during ball milling, carbon-

hydrogen-nitrogen (CHN) analysis was carried out using a Carlo Erba Elemental

Analyser Model 1106.
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Chapter 4

Hydrogen storage properties of MgH,—SiC composites

4.1 Introduction

As described in Section 2.7, magnesium metal or magnesium-based materials (alloys
and composites) are considered to be promising candidate hydrogen storage materials,
due to their high hydrogen storage capacity (e.g. MgH,: 7.6 wt%), high reversibility,
and low cost. However, the high thermodynamic stability of MgH, (AH= 74.5 kJ mol ™'

H,) limits its practical applications.

It has been reported that catalytic elements are beneficial in terms of governing the
dissociation of molecular hydrogen, the diffusion of atomic hydrogen into the
magnesium lattice, and hydride nucleation, while the fine particles produced by ball
milling have more fresh surface area and active sites, which provide shorter and easier
hydrogen diffusion paths (see 2.7.5). Thus, the kinetics of hydrogen storage is improved
considerably in nanocrystalline MgH, produced by ball milling and the addition of

suitable catalysts (see 2.7.6).

In this chapter, MgH,/SiC composites were fabricated by ball milling Mg powder with
SiC nanopowder in a Uni-Ball type mill under H, for 24 or 48 h. To the best of our
knowledge, this is the first systematic investigation on MgH,/SiC composites. By using
SiC with a high hardness (9.2 on Mohs scale) as an additive, we successfully decreased
the grain size of the MgH,, increased the interface density, and prevented the
agglomeration of MgH, crystallites, which play an important role in hydrogen storage
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properties. Results showed that a small amount of SiC has a positive effect on the

kinetics, but it shows negative effects when the proportion of SiC is high (> 10 wt%).

4.2 Sample Preparation

MgH,/SiC composites were fabricated through milling Mg powder (with Mg in the
mixture fixed at 2 g in order to make the results comparable) with calculated amounts
(2, 5, 10, 20 wt%) of SiC under a high purity hydrogen (99.999%) atmosphere for 24 h
or 48 h. Milling was performed in shearing mode (see 3.2.1). After ball milling, the
cylinder was opened in an argon filled glove box and all the powders were handled in

high purity argon to protect them from oxidation and the absorption of moisture.

The direct consequences of the ball-milling process were a crystallite size reduction in
the Mg and the uniform dispersion of the SiC nanoparticles within the Mg matrix.
Meanwhile, Mg reacted with hydrogen gas and formed MgH,, which was evidenced by
the decreased pressure of hydrogen inside the ball-milling vial. The change in the
hydrogen pressure with ball-milling time was monitored and recorded, as shown in Fig.
4.1. It can be observed that the 5 wt% SiC doped sample shows the quickest pressure
decrease, which suggests that the addition of SiC is beneficial to the formation of MgH,
nanocrystallites during the ball-milling process. However, on increasing the SiC doping
level to 10 and 20 wt%, the pressure decrease slowed down, especially for the 20 wt%
SiC doped sample, where the rate of decrease in the hydrogen pressure is even lower
than that of the un-doped sample (pure Mg). After 24 h of ball milling, the pressure was
still going down, suggesting that a 24 h ball milling is not enough for samples to convert

to MgH, completely.
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Fig. 4.1. Change of hydrogen pressure inside the ball-milling vial as a function of the

ball-milling time.

4.3 Structure

4.3.1 X-ray diffraction
X-ray diffraction (XRD) patterns of the as-prepared samples and the samples after
hydriding/dehydriding were obtained using a Philips PW 1730 generator and

diffractometer (see 3.3.1).

The XRD patterns of the as-prepared samples (Fig. 4.2) exhibit peaks corresponding to
Mg, B-MgH,, and y-MgH>, together with Mg. Also, a weak peak is present at around
43.5°, which we have attributed to MgO, while there is no evidence of any SiC

structure, due to the nanocrystalline nature of the SiC (< 10 nm).
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Fig. 4.2. X-ray diffraction patterns of the as-milled samples.

The broadening of peaks of the B-MgH, makes it possible to estimate the grain size,
which is 21.8, 17.6, and 9.2 nm for the un-doped, 5 wt% SiC, and 20 wt% SiC doped
samples, respectively. The results clearly demonstrate that the addition of SiC can help
to generate smaller MgH» nanocrystals. By extending the ball-milling time to 48 h, it
was found that the MgH, peaks in the XRD pattern became very broadened, and the Mg
impurity peaks disappeared (as shown in Fig. 4.2), indicating that long ball milling is
beneficial for the conversion of Mg powder to MgH, and that it is also helpful for
reducing the grain sizes of the MgH, powders. In addition, there is a slight shift in the
peaks indicating enlargement in the lattice parameters of the unit cells for doped

samples.
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4.3.2 TEM analysis

The microstructure of the 20 wt% SiC doped sample was further investigated by TEM
and high resolution TEM (HRTEM) using a JEOL 2011 analytical instrument (see
3.3.2) with selected area electron diffraction (SAED) and dark-field imaging. As
previously reported [194, 195], in the TEM chamber, hydrogen atoms are quickly
knocked out by the electron beam, leading to decomposition, so the structures discussed
here mainly refer to the grain structure of Mg. However, since the ring width in the
diffraction patterns was found to be the same for MgH, before and Mg immediately
after decomposition, the Mg grain size can be used to infer the MgH, one. TEM bright-
field images (Fig. 4.3(a)) show the presence of dark particles embedded in the Mg
matrix. By measuring the particle size in the relevant dark-field image, it was found that
the majority of particles are less than 10 nm in size. The SiC component was identified
from measurement of the lattice fringe spacings of the HRTEM image shown in Fig.

4.3(c).

The Mg particles under hydrogen are brittle, and during the ball-milling process, the
hard SiC nanocrystals are uniformly distributed among the fragments of MgH,. When
the amount of SiC is high (> 10 wt%), the SiC nanocrystals may block the diffusion
paths of hydrogen to some extent, and lead to a negative effect. The selected area
electron diffraction pattern confirms that the as-prepared sample consists of a mixture of

SiC, MgO, Mg, and MgH,, which is consistent with the XRD results.
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Fig. 4.3. TEM images of the as-prepared MgH, + 20 wt% SiC sample: (a) bright-field
and (b) dark-field images at low magnifications; (c) dark-field image at higher
magnification. Inset in (c) is the SAED pattern of the as-prepared MgH, + 20 wt% SiC

sample.

4.4 Morphology

Fig. 4.4 shows scanning electron microscope images of the as-prepared MgH,—SiC

composites with different SiC ratios, which were characterized by using the JEOL (see
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3.3.3). Samples were prepared by dispersing powders on lacy carbon support films. For
all the samples, the particles have irregular shapes and are agglomerated together, which
is a typical morphology for ball-milled powders. There is a broad particle size
distribution for the un-doped sample, with various sized particles in a range from less
than 1 um to more than 10 um. However, the uniformity of the particle size is improved

for the SiC doped samples, especially for the samples with higher doping levels.

x
38kU %3, 398 18 32 SEI

(d)

Fig. 4.4. SEM images of the as-milled samples after 24 h ball milling: (a) un-doped; (b)

5 wt% SiC; (¢) 10 wt% SiC; and (d) 20 wt% SiC doped MgH, samples.

In fact, the Brunauer-Emmett-Teller (BET) surface area (see 3.3.4) of the as-prepared
samples increases with increasing SiC doping level and is 7, 10, 12, and 16 m’g" for
the 0, 5, 10, and 20 wt% SiC doped sample, respectively. The SiC component in the

composites helps to break the MgH, particles into smaller sizes due to the hardness of

70



Chapter 4

the SiC. A smaller particle size enhances hydrogen absorption/desorption, because it
decreases the diffusion length of hydrogen and makes the particle’s reactive surface

larger [196].

4.5 Thermal analysis

Thermal properties of samples were studied using a differential scanning calorimeter
(DSC, Q100, see 3.4.1.1), with an argon flow rate of 50 ml min ' at a heating rate of 10

°C min "' up to 480 °C.

The DSC traces in Fig. 4.5 reveal the hydrogen desorption behaviour of the as-milled
samples. The onset desorption temperature is reduced by about 20 °C between the 20

wt% SiC doped sample and the un-doped one.

On further comparison of the desorption peaks with those of the un-doped sample, it
was found that the 20 wt% SiC doped sample shows a lower desorption temperature, by
about 20 °C, than the un-doped one. All the SiC doped samples show a lower onset and
a lower desorption temperature than the un-doped sample, and the hydrogen desorption

temperature decreases with increasing SiC content.
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Fig. 4.5. DSC curves of as-milled samples after 24 h ball milling.

4.6 Hydrogenation and desorption

The hydrogen absorption/desorption behaviour and pressure-composition isotherms
(PCI) of the samples were evaluated by the Sieverts method, using an AMC Gas
Reactor Controller (see 3.4.2). The samples were dried under vacuum and degassed
first, then the reactor was heated to 300 °C or 350 °C, and the samples were activated by

hydriding/dehydriding 3 times.
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4.6.1 Hydrogen Absorption

Fig. 4.6 shows the influence of SiC addition on the hydrogen absorption kinetics of
MgH; under 30 bar hydrogen at 350 °C. The addition of the SiC improved the
absorption kinetics of MgH, (Table 4.1). SiC-added samples with SiC amounts higher
than 5 wt% required about 30 s to absorb 95% of their maximum absorbed H, content,
while the bare MgH, and the MgH, + 2 wt% SiC samples took more than 50 s to reach
this value. It was also found that the highest absorption performance in terms of

capacity and kinetics was recorded for the 5 wt% SiC doped MgHs.
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Fig. 4.6. Comparison of hydrogen absorption kinetics of the MgH, and the MgH, + X

wt% SiC (x =2, 5, 10, 20), at 350 °C under 30 bar hydrogen.
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Table 4.1 Absorption rates, capacity, and hysteresis factor for MgH, and MgH, + X wt%

SiC (X = 5%, 10%, or 20%) samples

Sample Hydrogen  Absorption rate Hysteresis factor
between 0-30 s
Capacity Wt% s 1)
(wt%)
MgH,-SiC (5 wt%) 6.349 0.150 0.347
MgH»-SiC (10 wt%) 5.462 0.103 0.535
MgH,-SiC (20 wt%) 3.458 0.90 0.556
MgH; (Pure) 5.620 0.067 0.345

4.6.2 Hydrogen Desorption

Fig. 4.7 presents the desorption behaviour of the samples under an initial hydrogen
pressure of ~0.1 bar at 350 °C. Compared with the bare MgH, sample, the desorption
kinetics increased significantly with low SiC addition (2 and 5 wt% SiC). The 5 wt%
SiC-added sample shows the optimum desorption kinetics: it desorbed ~4.0 wt% of
hydrogen in 400 s. However, the desorption rate became slower for the samples with
increased amounts of SiC, especially for the MgH» + 20 wt% SiC sample. It is obvious

that too much SiC addition will degrade the hydrogen absorption/desorption kinetics.
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Fig. 4.7. Hydrogen desorption of the MgH, and the MgH, + x wt% SiC (x =2, 5, 10, 20)

under an initial hydrogen pressure of ~0.1 bar at 350 °C.

4.6.3 PCI

Fig. 4.8 shows pressure-composition-isotherm (PCI) curves of the samples at 350 °C.
The PCI curves obtained in absorption and desorption mode exhibit single plateau
behaviour for all samples. The hysteresis factors for different samples, defined as
In(Pabsorption/Pdesorption), Were calculated [197]. Here Papsorption and Pgesorption are the plateau

pressures of the absorption and desorption from the PCI curves, respectively.
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Fig. 4.8. Comparison of PCI absorption and desorption curves of the MgH, and the

MgH, + X wt% SiC (x = 5, 10, 20 wt%), at T = 350°C.

The hysteresis factor is a quantitative measure of hysteresis loss, which originates from
the strain and disorder of the B-MgH, lattice. The strain and disorder expand during
absorption and relax during desorption, and the higher strain and disorder will increase

the plateau pressure [198].

The hysteresis factors for the 10 and 20 wt% doped samples are much higher than that
of the un-doped MgH, (Table 4.1), suggesting that the addition of a large amount of SiC
during ball milling introduces strain and disorder into the MgH, lattice. However, the

hysteresis factor for the 5 wt% doped sample is almost the same as that for the un-doped
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one. The 5 wt% doped sample gave the best performance in terms of the capacity, the

hydrogen absorption/desorption kinetics, and the hysteresis.

Considering the negative effects of heavy doping (low capacity, slow kinetics, and high
hysteresis) and the lower hydrogen desorption temperature (from DSC results), we
believe that a large amount of SiC can block the hydrogen diffusion, although its
hardness can help to break up MgH, particles, thus reducing the grain size and
increasing the active surface area of the MgH,, thereby improving the hydrogen
absorption/desorption kinetics. To further improve the hydrogen storage properties of
MgH,, a combination of a low amount of SiC with some other catalysts which can act
as a bridge for hydrogen diffusion and a gateway for hydrogen breaking/recombination
at the Mg/MgH, particle surface, is necessary. Research to optimize MgH,—catalyst SiC
composites is being conducted in our laboratory through tuning the components and

material processing.

4.7 Conclusion

The effect of the addition of SiC in the range of 2-20 wt% on the hydrogen storage
properties of MgH, prepared by ball milling has been studied for the first time. It has
been found that the hardness of the SiC helps to reduce the grain size and increase the
surface area of the MgH,, which is beneficial to the hydrogen absorption/desorption
properties of the MgH,. However, heavy SiC doping introduces negative effects as well,
such as lower capacity, high hysteresis, and a decreased absorption/desorption rate
compared to the lightly doped sample. It is believed that the large amount of SiC in the
heavily doped samples could block the H, diffusion paths, and this blocking effect
overtakes the positive effects from the smaller grain size and higher surface area.

77



Chapter 4

Further improvement of the hydrogen storage properties of MgH, may be achieved by
combining a low amount of SiC with some other catalysts which could act as a bridge
for hydrogen diffusion and a gateway for hydrogen breaking/recombination at the

Mg/MgH, particle surface.
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Chapter 5
Effects of SiC nanoparticles with and without Ni on the

hydrogen storage properties of MgH,

5.1 Introduction

In the previous chapter, MgH»-SiC composites were fabricated and the results showed
that hydrogen storage properties were improved by using a hard material with good
conductivity (SiC), which could decrease the grain size of MgH,, increase the
concentration of defects, and prevent agglomeration of MgH, particles. The optimum
results were for the MgH,—5wt% SiC sample and a higher amount of SiC will introduce
negative effects (see 4.8). In addition, it was predicted that doping the MgH,—SiC
system by a good catalyst, which can act as a bridge for hydrogen diffusion and emerge
from MgH, particles, could have additional improvement in hydrogen storage properties

of Magnesium.

On the other hand, Ni is a promising catalyst to improve the hydrogen storage properties
of Mg-based hydrides. Liang et al. reported that adding 5wt% Ni enables MgH, to
release Swt% of hydrogen at 300 °C in about 6 min. Kanoya et al. [199] showed that
Mg-Ni-Fe composite prepared by only a 15 min ball milling can absorb and desorb
almost 7.5wt% at 350 °C . Hanada et al. [153] reported that 2 mol% nano-Ni shows
superior hydrogen storage properties and that 6.5wt% hydrogen is desorbed in the range

of 150-250 °C at a heating rate of 5 °C /min. They believe that the nanosize nature of
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the Ni particles had a strong effect in terms of H, dissociation and H-atom

recombination.

In this chapter, in order to further improve the hydrogen storage properties of MgH,,
MgH,—SiC(5wt%)-Ni(10wt%) composite was fabricated by ball milling Mg powder
with SiC and Ni nanopowders in a H, atmosphere for 24 h. The results showed that the
addition of Ni to the sample enhanced the hydrogen storage properties of MgH,. Based
on the kinetics investigation, it is proposed that the good dispersion of SiC/Ni particles
among the MgH; has changed the rate-determining steps from ‘‘surface controlled’” to

“‘nucleation and three dimensional growth of the existing nuclei’’.

5.2 Samples’ Preparation

Pure MgH, powder, MgH,+5wt%SiC and MgH,+5wt%SiC+10wt%Ni were synthesized
by milling Mg powder, SiC nanopowder, and Ni nanopowder (see table 3.1) in a
magnetically controlled Uni-Ball-Mill 5 (see 3.2.1) for 24 h under hydrogen
atmosphere. For all of the samples, the starting pressure was 720 kPa, the ball-to-
powder weight ratio was about 44:1, and the rotation speed 30 rpm. After ball milling,
the cylinder was opened in an argon filled glove box. The fabrication conditions for all
these samples were kept the same as in previous chapter (MgH,—SiC composites) for

comparison purposes.

Fig 5.1 shows the change in the hydrogen pressure with ball-milling time. The rate of
pressure reduction for the MgH,+5wt% SiC+10wt% Ni sample is faster than other
samples explicitly which suggests that doping the system of Mg-SiC with nano nickel
particles is valuable to the formation of MgH, during ball-milling process. The same as
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MgH,-SiC samples (see 4.2), after 24 h the pressure is slowly going down for the
MgH,+5wt% SiC+10wt% Ni sample as well which prove that this time is not enough
for the conversion of Mg to MgH,. However, as the aim of the investigation was the

effect of the catalyst, it does not affect the conclusion.

750
—— MgH2-SiC 5wt%
650 - —s— MgH2-SiC5wt%- Ni20wt%
—e— Pure MgH2
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Fig 5.1. Change of hydrogen pressure inside the ball milling vial as a function of the

ball-milling time.

5.3 X-ray diffraction

The phase compositions of the as-prepared samples were investigated with a Philips PW
1730 X-ray diffractometer (see 3.3.1). Fig 5.2 shows the XRD patterns obtained from
the as-prepared composites. They exhibit peaks corresponding to B-MgH2 (Joint
Committee on Powder Diffraction Standards (JCPDS) Card No. 12-0697), Mg, and a
weak peak of MgO. The Mg peak indicates that a 24 h ball milling is not enough for

samples to be completely converted to hydride, which is similar to the case of MgH,—

81



Chapter 5

SiC nanocomposites (see 4.3.1), while the Mg peak of the sample with Ni is weaker
compared to samples without Ni. Considering that all samples were handled and ball
milled under exactly the same conditions, we believe that Mg converts to MgH, faster

in the presence of Ni.

* B-MgH2
& y-MgH2
o Mgo

# Mg

MgH2+SiC5wt%+Ni10wt%

MgH2+SiC5wt%

Intensity (a. u.)

25 30 35 40 45 50 55 60 65 70 75
26/degree

Fig. 5.2. XRD patterns for as-prepared samples.

For the MgH; and MgH,—SiC samples there are two peaks corresponding to y-MgH,
(JCPDS No. 351184), but these peaks are very small for the sample with nickel, which
is probably due to broad diffraction and increasing X-ray absorption as a result of the
product being highly deformed. There is no any peak related to any interaction between

Mg and Ni such as Mg;Ni or MgNi,.

The XRD patterns for all samples showed magnesium hydride converted totally to
magnesium after dehydrogenation. Fig. 5.3 shows it for the MgH,+5wt% SiC+10wt%

Ni sample.
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Fig. 5.3. X-ray diffraction patterns of the MgH,+5wt% SiC+10wt% Ni sample after

dehydrogenation.

5.4 Morphology

Scanning electron microscope mapping (see 3.3.3)of magnesium, SiC, and Ni allowed

visualization of the distribution of these elements. SEM images are shown in Fig 5.4.

30kV 1,000 10pm 0000 11 27 SEI

Fig. 5.4. SEM images for the samples: (al) pure MgH,, (a2) MgH,—SiC 5wt%, (a3)

MgH,-SiC 5wt%-Ni 10wt%.
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The images of the samples in Fig 5.4 are almost the same, except that agglomeration for
the pure MgH, sample is a bit more extensive than for the others, and it confirms our
results in last chapter that SiC helps to break MgH, particles into smaller sizes due to its
natural hardness (see 4.4). Furthermore, the existence of SiC in the samples can prevent
agglomeration of MgH,; particles. This property of SiC can improve MgH, hydrogen
hydriding/dehydridyng properties because of the decreased diffusion length. The SEM
mapping images in Fig. 5.5 show that both nickel and silicon carbide are dispersed

homogeneously among the MgH?2 particles.

NiK

Fig. 5.5. Mapping of the MgH,—SiC—Ni sample: (b1) shows a micrograph of the overall
area of the sample to be mapped. (b2), (b3) and (b4) show the elemental mapping of

Mg, Ni and Si, respectively.
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5.5 Thermal analysis

Differential scanning calorimetry (DSC, Q100, see 3.4.1.1) analysis was conducted to
investigate the thermal behaviour of the samples with an argon flow rate of 50 ml/min
and a heating rate of 10 °C/min to 500 °C. Fig. 5.6 shows the DSC traces of the
samples. As can be seen from the figure, the desorption temperature, Tges, is reduced by
about 20 °C for MgH»—SiC and by about 80 °C for the sample with Ni. These results are
in agreement with our previous results which showed that T4 is decreased by
increasing the amount of SiC in MgH, (see 4.5) and, on the other hand, that adding Ni

can significantly reduce T ges.

MgH2-SiC 5w t%-Ni 10wt%

Pure MgH2

Heat flow (a.u.)

MgH2-SiC5wt%

300 310 320 330 340 350 360 370 380 390 400 410 420 430 440 450
Temp. (°C)

Fig. 5.6 DSC curves for all samples.
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5.6 Hydrogenation and desorption

The hydrogen absorption/desorption of the samples was studied by Sievert’s method at
300 °C using an AMC pressure— composition isotherm measurement instrument (see
3.4.2). The samples were put into a holder in the glove box and were activated by

hydriding/dehydriding 3 times before testing.

5.6.1 Hydrogen Absorption

Hydrogen absorption (under 30 atm hydrogen pressure) of the samples at 300 °C is
shown in Fig. 5.7. The MgH,—SiC— Ni absorbed 5.1wt% hydrogen at this temperature,
while for SiC doped and un-doped samples this amount was reduced to 4.5 and 3.3wt%,
respectively. At 300 °C also, the sample with Ni absorbed 95% of its maximum
hydrogen capacity within 59 s. So, the addition of SiC and Ni powder improved both
the hydrogen absorption kinetics and the hydrogen storage capacity of MgH, in this

fabrication and under these measurement conditions.
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Fig. 5.7. Hydrogen absorption for all samples at 300 °C and 30 atm.
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5.6.2 Hydrogen desorption

Hydrogen desorption behaviours (under 0.1 atm) of the samples at 300 °C is shown in
Figs. 5.8. MgH,—SiC—Ni decomposed and desorbed 4.7wt% hydrogen at 300 °C, while
the MgH,—SiC and pure MgH, samples released 4.3 and 2.7wt%, respectively, at the
same temperature. SiC can improve the hydrogen storage properties of MgH, powder
by decreasing the grain size and increasing the defect concentration in MgH, particles,
with the optimum results occurring for MgH,—SiC 5wt%. Additional improvements are
found by adding Ni to MgH,—SiC 5wt% composite, which is related to the strong

catalytic effect of Ni nanoparticles in recombination hydrogen atoms to hydrogen

molecules.
0
05 —+—— MgH2- SiC5wt%- Ni 10wt%
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Fig. 5.8. Hydrogen desorption for the samples at 300 °C and 0.1 atm pressure.
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5.6.3 PCI

A comparison pressure-composition-isotherm (PCI) absorption and desorption curves of
the MgH»+5wt% SiC and MgH,+5wt% SiC+10wt% Ni samples are shown in Fig. 5.9.
The hysteresis factor, In(Papsorption/Pdesorption), for these samples are 1.17 and 0.6
respectively. This factor is a quantitative measure of hysteresis loss, which originates
from the strain and disorder of the magnesium hydride lattice (see 4.6.3). The calculated
amount of hysteresis factore indicates that although addition of SiC introduce strain and
disorder into the MgH, lattice during ball-milling, however doping the sample with Ni

improve returning back of the lattice and becoming relax.

25 1
20 1 |—— MgH2 -5wt% SiC-10wt% Ni
—=— MgH2-5wt% SiC
15 4
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45 35 25 -1:5 -05
Hydrogen content(wt%)

Fig. 5.9. Comparison of PCI absorption/desorption curves of the MgH,+5wt% SiC and

MgH,+5wt% SiC+10wt% Ni samples.

It was found from the previous chapter’s results that low amount of SiC improves
hydrogen storage properties by reducing the grain size and increasing the active surface
area of MgH,. It was expected that doping the MgH,-SiC system by a catalyst, which

can act as a gateway for hydrogen dissociation and recombination at the magnesium and
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magnesium hydride particles surface, could have additional improvement in hydrogen
sorption properties. The significant improvement in important aspects of hydrogen
sorption properties of MgH,-SiC-Ni system, such as the: hydrogen storage capacity, the

hydrogen absorption/desorption kinetics, and the hysteresis, verified this prediction.

To find that which hydrogen absorption/desorption steps of magnesium may modify by
SiC and SiC-Ni addition, the hydriding/dehydriding kinetics investigation has been

studied.

5.7 Hydriding/dehydriding kinetic investigation

It has explained in section 2.6.2 that hydrogen absorption and desorption are composed
of several steps and the one which is very slow in comparison with the other steps is
known as the rate-limiting step. There are also some theoretical kinetics equations
related to different rate-limiting steps which are summarized in Table 2.6 with
descriptions of their corresponding models. Description of the absorption and
desorption kinetics is possible by plotting the left side equations in Table 2.6 versus

time and the plot giving the best linearity determines the rate limiting step (see 2.6.2).

The resulting curves of kinetic equations applied to absorption data are shown in Fig.
5.10. As can be seen, the kinetic rate-determining steps for both pure and Ni-doped
samples are best described by three-dimensional growth diffusion controlled by

decreasing interface velocity (CV-3D, variable velocity).
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Fig. 5.10. The resulting curves of different kinetic equations applied to absorption data

of (a) un-doped MgH,, and (b) MgH,—SiC—Ni.

When a layer of magnesium hydride is formed, diffusion of hydrogen atoms through
this protective hydride layer will control the reaction. The velocity of hydrogen
penetration decreases with increasing thickness of the hydride layer. The resulting

kinetics of the absorption reaction is in agreement with Yonkeu et al. [200] on the
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catalytic effects of body centred cubic (BCC) alloys and Barkhordarian et al. [148] on

the catalytic effects of Nb,O:s.
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Fig. 5.11. The resulting curves of different kinetic equations applied to desorption data

of (a) undoped MgH,, and (b) MgH,—SiC—Ni.
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The hydrogen desorption reaction for pure MgHo,, as shown in Fig. 5.11(a), is controlled
by recombination of chemisorbed hydrogen atoms (surface controlled), which is to be
expected because magnesium has no catalytic effect towards the recombination of
hydrogen atoms into hydrogen molecules. However, Ni is a good catalyst for hydrogen
molecule dissociation to hydrogen atoms and vice versa, and for the sample with Ni, the
hydrogen desorption reaction is controlled by bulk nucleation and three-dimensional

growth of the existing nuclei (JMA-3D), which are Mg in our case (Fig. 5.11(b)).

A good dispersion of the nanosized Ni particles, as shown in the SEM images, increases
the amount of nucleation sites, which is responsible for the bulk desorption properties.
Liang et al. [152], and Honada et al. [153], claimed that two-dimensional growth of
existing nuclei (JMA-2D) is the rate-limiting step for their Ni doped Mg samples. The
difference is perhaps related to the existing and good dispersion of SiC in our samples.
SiC nanoparticles increase the concentration of defects that change the growth of nuclei

from two-dimensional to three-dimensional.

5.8 Conclusion

In this chapter, the effects of the addition of SiC 5wt% and SiC 5wt%—-Ni 10wt% on the
hydrogen storage properties of MgH, were investigated. The results of adding SiC
confirmed our results in previous chapter and improved the hydrogen absorption/
desorption kinetics and capacity of MgH, by increasing the surface area and defect
concentration. An additional improvement was achieved by adding Ni to the MgH,/SiC
composite because of catalytic effects of Ni. Kinetic investigation showed that for un-
doped MgH,, the rate-limiting step during desorption is the recombination of

chemisorbed hydrogen atoms (surface controlled), while for the SiC/Ni doped sample,
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that step is bulk nucleation and three-dimensional growth of the existing nuclei, which
is related to the catalytic effect of Ni towards recombination of hydrogen atoms into

hydrogen molecules and the increase in defects caused by SiC.
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Chapter 6

Hydrogen storage properties of Mg-BCC composite

6.1 Introduction

One type of materials which showed good catalytic effects on hydrogen storage
properties of magnesium are Ti-based body centred cubic materials (see 2.7.6.3). There
are different kinds of these materials which vary by changing the proportion of Ti and
other elements in the combination, such as V, Mn and other transition metals. Gu et al.,
[181] and Liu et al. [201] investigated the effects of two kinds of body centre cubic
alloys on hydrogen storage properties of MgH, and found that these alloys improve the

hydrogen absorption kinetic of MgH; by acting as a hydrogen diffusion path.

In this chapter, 10 wt% of a new body centre cubic alloys, Tip4Mng2,Cry1Vo2s called
BCC, added to MgH, by using uni ball mill 5. In addition to investigate the effect of
ball milling condition of the hydrogen storage properties, two samples with ball to
powder weight ratio (BPWR) of 200 and 100 , has been fabricated and hydrogen storage

properties and the structural changes of the composites have been studied in details.

6.2 Sample Preparation

In the first step, the BCC alloy sample was prepared by magnetic levitation melting
method. A fifty grams ingot was turned over and remelted for 4 times to ensure its
homogeneity. Then the BCC alloy was quenched on a water-cooled rotating

molybdenum disc with a rate of 20 m/s. In the second step, MgH, and MgH,+10wt%
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BCC composites were fabricated through ball milling Mg powder (see 3.1) with
calculated amount of the BCC. The ball milling machine was uni-ball mill type in
impact mode (see 3.2.1) and all samples were ball milled under hydrogen atmosphere
for 24h with starting hydrogen pressure 700 kPa and rotation speed 30 rpm. To find the
effect of ball milling conditions on the MgH,+10wt% BCC composites, two samples
were fabricated with ball to powder weight ratios (BPWR) 100 and 200. All handling of
the powders, before and after ball milling, were performed in an argon filled glow box

(oxygen and water content, each below 1ppm).

During ball milling Mg reacted with hydrogen gas and formed MgH, which was
evidenced by the decreased hydrogen pressure inside the ball milling vial. This
decreasing of the pressure is shown in Fig. 6.1. It can be observed that the pressure
decrease for both the BCC doped samples quicker than pure one which it means the
BCC acts as a catalyst to convert Mg to MgH, during ball milling. After 24h ball
milling, the hydrogen pressure was still decreasing which suggest that this time is not
enough for the samples to become hydride completely. XRD patterns confirmed these

results (see 6.3).
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Fig. 6.1. Change of hydrogen pressure as a function of ball milling time.

6.3 X-ray diffraction

X-ray diffraction (XRD) patterns of the as-prepared samples were obtained with a

Philips PW 1730 generator and diffractometer (see 3.3.1).

The XRD patterns which are shown in Fig. 6.2. The peaks correspond to B-MgH,
(JCPDS-12-0697), Mg, and a weak peak of MgO. No other peaks of any new composite
were present which indicates that no new alloy phase was formed. The Mg peak for the
pure sample is larger than those of the Mg-BCC samples, which is similar to our
previous results on MgH,-SiC (see 4.3.1) and MgH,-SiC-Ni (see 5.3.1), while the BCC
as a catalyst had a very good effect on the conversion of magnesium to magnesium
hydride. An additional improvement in this conversion can be observed by increasing
the ball to powder weight ratio (BPWR) and the BPWR 200 sample shows the largest

peak of MgH,. The XRD patterns also exhibit a peak broadening that is corresponds to
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increasing amounts of defects and disorder in the samples during ball milling and, as a

result, composite materials with smaller crystal size were formed [201].

# p-MgH2

€ Mg

BPWR 200

Intensity (a. u.)

BPWR 100

Pure MgH2

25 30 35 40 45 50 55 60 65 70 75 80
20 (degree)

Fig. 6.2. XRD patterns of as-prepared samples.

6.4 Morphology

The morphology of the composites and visualization of the distribution of the elements
were characterized by using scanning electron microscopy (see 3.3.3) and SEM

mapping, respectively.

Energy dispersive spectroscopy (EDS) element maps of MgH,-BCC (BPWR 200) are

shown in Fig. 6.3. This mapping shows that all elements in the BCC are distributed

homogeneously among the MgH, particles.
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Fig. 6.3. Mapping of the MgH,-10wt% BCC with BPWR 200: (a) shows a micrograph
of the overall area of the sample to be mapped, (b) elemental mapping of Ti, (c) Mn, (d)

Cr,and (e) V.

SEM images are shown in Fig. 6.4 for the as-prepared samples. It can be seen that
agglomeration is greater for the pure MgH, sample than for the samples with the BCC.

This might be because the hardness of the BCC particles is higher than that of Mg, and
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the BCC can thus break MgH, particles into smaller sizes and prevent them from
agglomerating. By increasing the BPWR, the agglomeration for the sample becomes
less. A smaller particle size and less agglomeration enhance hydrogen storage properties

by decreasing the diffusion path of hydrogen atoms [196]

j_'“

3ekV . P88 . 18Nm

Fig. 6.4. SEM images for the as-prepared samples: (a) pure MgH,, (b) BPWR 100, (c)

BPWR 200.
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6.5 Thermal analysis

Thermal properties of samples were investigated using a differential scanning
calorimeter (DSC Q100, see 3.4.1.1) with a 50 ml/min argon flow rate and a heating
rate of 10 °C/min from room temperature to 430°C. The results for all samples are
shown in Fig. 6.5. The onset desorption temperature, Tonset, i reduced by doping with
BCC. This reduction for the samples with BPWR 100 and 200 is 52°C and 70°C
respectively. Also the temperature of desorption, Tqes, is reduced for the doped samples
by 35°C and 50°C compared to the pure sample for the BPWR 100 and 200 samples,

respectively.
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Fig. 6.5. DSC traces for as-prepared samples.
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6.6 Hydrogenation and desorption

The hydrogen sorption and pressure-composition isotherm (PCI) behaviour of the
samples was studied by Sievert's method at 350°C using an AMC gas reactor controller

(see 3.4.2).

6.6.1 Hydrogen Absorption

Hydrogen absorption behaviour of the composites at 350°C and under 30 atm hydrogen
pressure is shown in Fig. 6.6. The maximum hydrogen absorbed by pure MgH, in this
condition is 3.1 wt% while for BPWR 200 and 100 samples it is 4.8 wt% and 4.6 wt%,
respectively. The sample with BPWR 200 composite required 60 s to absorb 95% of its
maximum capacity, and this time for the sample with BPWR 100 is 65 s which
indicates that the absorption kinetics of these samples is much faster than for the pure

MgH, sample.

—+—BPWR: 200
—+—BPWR:100
—a—pure MgH2

Hydrogen content (wt%)
w
|

0 100 fime(s) 200 300

Fig. 6.6. Hydrogen absorption curves for the samples at 350°C and under 30atm

hydrogen pressure.
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6.6.2 Hydrogen desorption

The desorption curves of all of the powders under an initial hydrogen pressure of 0.1
atm and at 350 °C are shown in Fig. 6.7. As can be seen from the figure, desorption
kinetics for MgH,-BCC composites has increased significantly. The sample with BPWR

200 shows the optimum desorption kinetics by absorbing ~ 4wt% hydrogen in 300 s.
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Fig. 6.7. Hydrogen desorption curves for the samples at 350 °C and under 0.1 atm

hydrogen pressure.

These improvements in both absorption and desorption kinetics and capacity might be
related to two different effects of the BCC on Mg powder. The first one is a strong
catalytic effect of the BCC, which facilitates dissociation of hydrogen molecules to

hydrogen atoms by the following reaction at low temperature:
(BCC) + _H, => (BCC)H; 7.1
2

The second one is the effect of the hardness of the BCC particles, which breaks MgH,

particles into smaller sizes and prevents them from agglomerating during ball milling. A
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smaller particle size and less agglomeration decrease the diffusion path of hydrogen

atoms during both absorption and desorption.

6.6.3 PCI

Fig. 7.8 shows the PCI curves of pure and BPWR 200 samples at 350 °C. It is believed
that the plateau pressure is correlated with the unit cell volume of the alloy [202]. If the
unit cell volume decreases, the interstitial sites for hydrogen atoms become smaller and

the penetration of the hydrogen is more difficult, so the plateau pressure increases [203].

35

30

Pure MgH2 1

BPWR 200

P (atm)

H-content (wt%)

Fig. 6.8. PCI curves of pure MgH, and BPWR 200 samples at 350 °C.

In these samples, the absorption plateau pressure decreases for the doped samples, and
therefore the BCC increases the unit cell volume. In addition, there is a difference in
hydrogen absorption and desorption equilibrium pressure, called hysteresis. Hysteresis

originates because of the presence of transformation strains and disorder during
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hydriding and dehydriding [204]. Based on Fig. 8, the hysteresis factors, defined as In
(Pdesorption/Pabsorption), are 0.47 and 0.56 for the BPWR 200 and pure MgH, samples

respectively, which indicates that the BCC reduces the hysteresis.

6.8 Conclusion

The effects of the addition of 10wt% BCC (Tip4Mng2:Cro1Vo2s8) on the hydrogen
storage properties of MgH, prepared by ball milling have been investigated. It has been
found that the BCC decomposes hydrogen molecules into hydrogen atoms on its surface
and absorbs them into the alloy, leading to the formation of BCC hydride. Then,
hydrogen diffuses from the BCC in to the Mg particles, resulting in magnesium hydride.
Therefore, the BCC acts as a bridge during hydrogenation. In addition, the PCI curves
indicates that the BCC increases the unit cell volume of the sample, which helps
hydrogen atoms to easily penetrate into and come out of the unit cell, and this increases

both the capacity and the absorption/desorption kinetics.
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Chapter 7
Effects of BCC alloy with and without CNT on the

hydrogen storage properties of MgH,

7.1 Introduction

In the previous chapter, it was demonstrated that ball milling magnesium with
Tip4Mng2,Cr1Vo2s improved the hydrogen storage properties of the MgH,. On the
other hand, carbon nanotubes (CNTs) exhibited excellent catalytic effects on the
hydrogen sorption properties of magnesium based alloys (see 2.7.6.4). A combination of
CNTs with transition metals has been found to lead to an especially great enhancement

of hydrogen dissociation and diffusion into Mg nanoparticles [205].

In this chapter, the effect of the combination of 10wt% of Tip4Mny2,Crg 1 V25, hereafter
referred to as BCC due to its body centred cubic structure, with a small amount of CNT
(5wt%) on the hydrogen storage properties of MgH, has been investigated and

compared with the performances of pure MgH, and MgH»+10wt% Tip4Mng 2:Cro 1 Vo 25.

7.2 Sample preparation

The BCC alloy sample was prepared by magnetic levitation melting of the constituent
metals, all with purity of more than 99.9%. A 50 g ingot was turned over and remelted
four times to ensure higher homogeneity, and then it was quenched on a water-cooled
rotating molybdenum disc that was spinning at the rate of 20 m/s. After preparation of
the BCC, 0.9 g of pure MgH, (Sigma-Aldrich, powder H-storage grade) and 0.1 g of
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BCC were introduced into stainless steel vials of a QM-3SP2 planetary ball-milling
instrument. The samples were ball milled for 24 h with a ball to powder weight ratio of
20 and a speed of 400 rpm. In the last step, the MgH,+10wt%BCC+5wt%CNT (termed
Mg-BCC-CNT) was fabricated by adding 5 wt% multiwall carbon nanotubes
(MWCNT, Sigma-Aldrich, > 99.9%) to the ball milling vial with MgH,+10wt% BCC
composite and milling the mixture for 2 h. For comparison, pure MgH,, and MgH, +
S5wt% BCC (termed Mg-BCC) samples were also fabricated using the same ball-milling
technique. All handling of the powders, before and after ball milling, was performed in
an argon filled glove box (with oxygen and water content each below 1 ppm) in order to

prevent any oxidation of the samples.

7.3 X-ray diffraction of as-prepared samples

XRD patterns of the as-milled samples, obtained by the GBC-MMA X-Ray
Diffractometer (see 3.3.1), are shown in Fig. 7.1. The main peaks match B-MgH;
(JCPDS-12-0697), but there are small peaks corresponding to y-MgH, (JCPDS 351184),
the BCC, MgO, and even Mg. The presence of the orthorhombic y-phase is a result of
alteration in the microstructure because of the ball milling [206]. Despite the low
quantity of the BCC in the composite, its phase could be observed and is in agreement
with Reference [181]. However, there are no peaks which indicate formation of any new
alloy phase as a result of reaction between MgH, and the BCC. The existence of the
weak Mg peak indicates that the commercial magnesium hydride was partially
dehydrogenated during ball milling. Diffraction peaks of the composites are
considerably broadened as a consequence of reduction of particle size, as well as the
increase in defects and the mechanical strains created within the lattice by the ball
milling [201].
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Fig. 7.1. XRD patterns for as-milled samples.

7.4 Morphology

Fig. 7.2 shows the morphology of the composites and the distribution of the elements
which are characterized by using scanning electron microscopy (see 3.3.3). It can be
explicitly seen that the particle size of the sample with BCC (Fig. 7.2(b)) is smaller than
that of pure MgH, (Fig. 7.2(a)), while the MgH,-BCC-CNT (Fig. 7.2(c)) has a particle

size that is much smaller than in either of the others. In addition, agglomeration is lower

for the samples with CNT than in the samples without CNT.

To monitor the dispersion of the BCC particles, EDS was conducted, and a
backscattered electron composition (BEC) image of the Mg-BCC sample with the EDS

element analysis are shown in Fig. 7.3. The larger gray particles are MgH,, and the

white particles are the BCC.
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Fig. 7.3. Backscattered electron composition (BEC) image of the Mg-BCC sample (left

and its EDS element analysis (right).

It can be clearly observed that the BCC particles are distributed uniformly among the
MgH, particles. Although the BCC is on the surface of the MgH, particles, based on the

BEC image, it is expected that they are in the interior of the particles as well, due to the
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24 h of high-speed ball milling. Therefore, based on the morphology, it is predictable
that the hydrogen sorption properties of the samples with the BCC and CNT will be
improved as a result of a clearly smaller particle size, less agglomeration, and

homogeneous dispersion of the catalysts among the MgH,.

7.5 Desorption temperature

The desorption temperature and hydrogen capacity of the as-prepared composites were
determined by using an AMC gas reactor controller (see 3.4.2) in profile release mode,
in which the samples were heated up from room temperature to a maximum of 500 °C
with a heating rate of 10 °C/min and a pressure of 1 atm. Both the desorption
temperature, Tges, and the hydrogen content were measured and graphed using the
software package supplied with the instrument as shown in Fig. 7.4. Before the

measurement, the sample holder was evacuated at room temperature for 30 min.

Based on the graphs, Tqes for both doped sample was reduced significantly. The onset
temperature of hydrogen release, Tonset, for the pure sample is 350 °C, while for the
MgH,-BCC and MgH,-BCC-CNT samples, Tonset is 280 °C and 245 °C, respectively.
Tges Was reduced by 125 °C and 66 °C for the MgH,-BCC-CNT and MgH,-BCC
samples, respectively, in comparison with the pure MgH,. In addition the differences
between Tges and Tonset Show that hydrogen release from the sample including CNT was
much easier. The hydrogen contents for all samples are almost the same (~ 6 wt %), and

the very small difference between them could be related to error of the instrument.
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Fig. 7.4. Initial hydrogen release of all as-prepared samples in profile release mode.

7.6 Hydriding and dehydriding

After dehydrogenation under profile mode and for each sample, the temperature of the
sample holder was set at 300 °C (and then 250 °C), and the sample chamber was
evacuated for 1 h to remove any remaining hydrogen desorbed by the sample and to fix
the temperature. Then, the hydriding/dehydriding kinetics were studied at these

temperatures at a hydrogen pressure of 30 atm and 0.1 atm, respectively.

7.6.1 Hydrogen absorption and desorption at 300 °C

The absorption kinetics results at 300 °C (shown in Fig. 7.5) indicate that both doped
samples absorbed hydrogen more rapidly than the pure one and that MgH,-BCC-CNT
has the fastest absorption rate. It soaks up 90% of its maximum absorbed hydrogen
(Hmax) in 150 s while the times for MgH,-BCC and pure MgH, are 195 s and 1680 s,
respectively. Also, note that Hmax has increased as a result of the addition of the BCC

and BCC-CNT. The desorption kinetic curves at 300 °C (Fig 7.6 ) illustrate that 90% of
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Hpax release occurs at 500 s, 179 s, and 93 s for pure MgH,, MgH,-BCC, and MgH,-

BCC-CNT, respectively.

H-content {(wt%
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Fig. 7.5. Hydrogen absorption of the samples at 300 °C and 30 atm.

——MgH2-BCC-CNT
——MgH2-BCC
— MgH?

H-content (wt% )
[#%)

5

0 50 100 150 200 250 300 350 400 450 500 550 600
Time (s)

Fig. 7.6. Hydrogen desorption at 300 °C and 0.1 atm for all samples.

7.6.2 Hydrogen absorption and desorption at 250 °C

Fig. 7.7 and 7.8 present the corresponding hydrogen absorption and desorption kinetics

at 250 °C. All samples absorb and release hydrogen more slowly at lower temperature,
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and the hydrogen storage capacity decreases as well. However, these reductions are very
minor for the doped samples, particularly for the MgH,-BCC-CNT, as it absorbs more

than 5 wt% hydrogen in ~500 s and releases it in less than 800 s.
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Fig. 7.7 Hydrogen absorption at 250 °C and 30 atm.
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Fig. 7.8. Hydrogen desorption at 250 °C and 0.1 atm for all samples.

7.7 XRD after dehydrogenation

Fig. 7.9 shows the XRD patterns for the dehydrogenated samples. It can be observed
that the major phase after dehydrogenation is magnesium, however, there are peaks
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corresponding to the BCC and MgO which overlap in the MgH,-BCC pattern. Although
all the sample handling was done in an argon filled glove box, oxidation due to periodic
opening of the milling jar and the AMC sample holder in the glove box could be the
reason for the appearance of MgO phase. The peaks became sharper for the dehydrided
samples, which indicates a reduction in defects and mechanical strain through
hydriding/dehydriding processes. In addition, there is a slight shift in the peaks (as is
shown in the Fig. 7.9 inset for the most intense peak), indicating extra enlargement in
the lattice parameters of the unit cells for both MgH,-BCC and MgH,-BCC-CNT

composites.
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Fig. 7.9. XRD patterns for the samples after dehydrogenation. The enlarged area in the

inset shows the shift of the peak with highest intensity.

7.8 Discussion

The results demonstrate that 1) the BCC improves the hydriding/dehydryding kinetics

and maximum hydrogen capacity, 2) the Mg-BCC-CNT system shows superior
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hydrogen storage properties, and so 3) the BCC and CNT have synergistic effects on all
aspects of hydrogen sorption properties. On the other hand, the hydriding and
dehydriding mechanisms could be the keys to insight into the reasons for these special
effects. It is accepted both theoretically [207] and experimentally [205] that: 1)
dissociation of H, molecules into H-atoms on the surface of the magnesium, 2)
diffusion of H-atoms along the grain boundaries, and 3) absorption/desorption of the
catalyst and transformation of H and Mg atoms into MgH, molecules at catalyst/Mg
interfaces, are the three critical steps of the hydrogenation process. The energy barrier
for H, dissociation of pure MgH, is 1.15 eV [207], which means that more than 400 °C
is required for dissociation, although this amount of energy will decrease in the
presence of a catalyst. For example, it is 0.201 eV and 0.103 eV for V and Ti,
respectively [208]. Although further investigation seems to be necessary to find the
exact energy barrier for H, dissociation on the BCC surface, as it is a composite of
transition metals, the barrier could be very low. Therefore, the main catalytic effect of
the BBC could be dissociation of hydrogen molecules at low temperature and

improvement of the first step of the hydrogenation mechanism.

In addition, as described in our previous chapter and other references [181, 182, 209],
the BCC can absorb the H-atoms at low temperature to form BCC hydride by the

following interaction:
(BCC) + “H, => (BCC)Hy (1)
2

The BCC hydride then releasing hydrogen at the Mg/BCC interfaces. Therefore, the
second effect of the BCC alloy is to work as an atomic hydrogen bridge which
facilitates the transformation of H atoms and so, improves the 3™ step of the

hydrogenation process.
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On the other hand, because the outer regions of the Mg particles and their grain
boundaries are completely hydrogenated, the centres of grains may be unreachable for
hydrogen atoms. After a 2 h ball milling, CNTs retain their nanotube structure, and they
aggregate along the grain boundaries of magnesium particles [208], so they may
facilitate access of H-atoms to the magnesium grains, which increases both the
absorption kinetics and the hydrogen storage capacity. Therefore, for the MgH,-BCC-
CNT sample, the effect of the CNTs is enhancement of the 2™ step by improvement of

the diffusion path of H-atoms along the grain boundaries.

The desorption mechanism is the reverse process to the absorption. The H-atoms
interact with the BCC to form “BCC hydride” on the magnesium particle surfaces. In
addition, CNTs (for the MgH,-BCC-CNT sample) facilitate the emergence of hydrogen
from the grain boundaries. Finally, the BCC recombines the H-atoms into hydrogen
molecules, with a resulting improvement in the dehydriding kinetics and desorption

temperature.

7.9 Conclusion

The effects of the addition of 10wt% BCC (Tip4Mng2,Cro1Vo2s) with and without
CNTs on the hydrogen storage properties of MgH, were investigated. The results
showed that homogeneously distributed catalysts significantly improve the desorption
temperature, the maximum absorbed hydrogen and the hydriding/dehydriding kinetics.
The effects of the BCC on the hydrogenation could be reduction of the barrier energy
for dissociation of hydrogen molecules into hydrogen atoms and also promotion of

hydrogen pumping into the Mg/BCC interfaces, while CNTs (for the MgH,-BCC-CNT

115



Chapter 7

sample) facilitate access of H-atoms to the interior of Mg grains. Furthermore, during
dehydrogenation, the “BCC hydride” forms on the Mg/BCC interfaces, and then the
BCC releases H-atoms more rapidly than Mg, while it also facilitates the recombination
of H-atoms into H, molecules. CNTs facilitate the emergence of hydrogen from the

grain boundaries during desorption.
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Chapter 8
A multi-scale production approach for Mg hydrogen

storage alloys

8.1 Introduction

It is reported that the as-cast eutectic Mg- Mg,Ni can provide necessary interfaces for
hydrogen diffusion into Mg layers. For example, Reilly and Wiswall [210] have
reported that Mg;Ni in the Mg-Ni system interacts readily with hydrogen and thereby
catalyses the hydride formation of MgH,. Cermak et al. [211] reported that eutectic Mg-
MgyNi provides interphase boundaries where hydrogen diffusion can take place with
high diffusivity, followed by penetration into the Mg phase. On the other hand, as it
described in previous chapters and section 2.7.5 the effects of ball milling, such as
breaking the surface oxide layers and producing more surface area and active sites
[138], and a large area of grain boundaries [212], leads to reduced diffusion paths
through which hydrogen can be dissolved into Mg particles. Moreover, transferring
hydrogen atoms into the interior layers of Mg is one of the most important effects of a
catalyst, and this could be possible by placement of the catalyst particles in deeper
layers of Mg particles, which ball milling after casting may facilitate. Therefore,
fabricating Mg + Ni by casting, ball-milling, and the combination of casting and ball
milling are worth considering in investigating the important role of processing in
hydrogen sorption properties. For these purposes, in this chapter, various fabrication
methods, such as casting, ball-milling and the combination of casting and ball milling,

and their influence on the hydrogen sorption properties of Mg-6 wt% Ni alloys are
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discussed. By understanding the interrelationship between microstructure and hydrogen
sorption properties, we aim to find optimised fabrication conditions for the Mg-Ni

system.

8.2 Sample preparation

Mg-6 wt% Ni base alloy with an average mass of 1 kg was melted in a steel crucible in
an electric resistance furnace at 760 °C under covering gas (CO + SF¢) atmosphere.
Commercial purity magnesium (99.8%) and nickel (99.8%) were used for the alloying.
Chips of the alloy were prepared by drilling the cast ingot. Then, the obtained chips were
ball milled by using two different ball-milling instruments: the first one was a QM-3SP2
planetary ball-milling instrument, in which samples were ball milled for 60 h at 400 rpm
with a ball to powder weight ratio of 20:1, and under argon atmosphere. At the end of this
time, S5wt% multi-wall carbon nanotubes (MWCNTs) were added to the sample and ball
milled for 2 h. The second one was a Magnetic Uni-Ball-Mmill 5, in which samples were
ball milled under hydrogen atmosphere with an initial pressure of 700 kPa in impact mode
[191] at 15 rpm for 60 h. The reason for the addition of the CNTs was to speed up the

activation process, which is explained completely in some reports [213, 214][187].

Another sample was prepared for comparison: ball-milled Mg + 6wt%Ni powder was
prepared by the QM-3SP2 planetary ball-milling instrument under the same conditions as
the ball-milled-cast sample. For this sample, Swt% MWCNT was added at the end of the
procedure, and the mixture was ball milled for 2 h. All sample handling was carried out in a
purified Ar-filled glove box with a level of water/oxygen below 1 ppm. Table 1 gives brief

information on all the prepared samples.
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Table 1. Brief details on the fabricated samples with the code used.

Sample Preparation Method Code

As-cast Mg- 6wt% Ni alloy Melting and casting process Cast

Mg- 6wt%Ni (as-cast) + Swt% CNT Planetary Ball-milling BM-cast
Mg-6wt%Ni (as-cast) + Swt% CNT Uni-ball-mill 5 UniBM-cast
Pure Mg+6wt% Ni + 5wt% CNT powder Planetary Ball-milling BM-powder

8.3 X-ray patterns

Figure 8.1 shows the XRD patterns of the as-prepared samples of the cast, BM-cast, and
BM-powder obtained by a GBC-MMA X-Ray diffractometer (see 3.3.1). As the uniBM-
cast sample is already hydride, its XRD pattern is compared with hydride samples later

in Fig. 8.7.

The main peaks in these samples are Mg. For the cast and BM-cast samples, there are
some peaks related to Mg,Ni, although these peaks, in the same way as the others, are
broadened in the BM-cast sample as a consequence of ball milling. However, while
there are some peaks of Ni in the as-prepared BM-powder sample, there are no peaks of
Mg,Ni in its pattern, indicating that Mg and Ni did not have enough reaction time
during ball milling. There is a slight shift in the peak positions in the ball-milled
samples, which indicates an expansion in the crystal structure in comparison with the
cast sample. There is no diffraction peak for CNTs in any of the samples both because
the content was low and because of the possibility of disruption of its structure during
ball milling. However, there is a peak for MgO in the BM-powder which is a result of

oxidation of this sample during preparation.
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Fig. 8.1. XRD patterns of as-prepared samples.

8.4. Morphology

The morphology of the samples was investigated by scanning electron microscopy (see
3.3.3), and the obtained images are shown in Fig. 8.2. The cast sample (Fig 8.2(a))
consists of a eutectic mixture of Mg-Mg,Ni in an a-Mg matrix, as reported by
Aminorroaya et al. [214]. However, ball milling of the cast sample breaks the chips into
powder particles in a size range from a few hundreds nanometres to a few tens of
microns (Fig. 8.2(c)). BM-powder, as shown in Fig 8.2(d) has particles of a similar size
to the BM-cast. Fig 8.2(b) shows an image of the uniBM-cast sample. The eutectic
structure is completely disturbed, and the particle size and agglomeration of its particles
are also lower than in BM-cast and BM-powder samples. This could be because of the
hydrogenation and lubricant effects of CNTs during hydrogenation. A backscattered
electron composite image (BEC) of the BM-cast sample is shown in Fig. 8.3. In this
figure, the bright particles are Mg,Ni, which are distributed uniformly among the Mg

particles.
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X1300 —10 um

30 kV X1300 —10pum

Fig. 8.2. SEM images of all samples: a) cast, b) uniBM-cast, c) BM-powder and d) BM-

cast.

Fig. 8.3. Backscattered electron composition (BEC) image of the BM-cast sample.

Bright particles are Mg, Ni.
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8.5 Hydriding and dehydriding

The hydrogen absorption/desorption behaviour were evaluated by the Sieverts method

at 250 °C and 200 °C, using an AMC Gas Reactor Controller (see 3.4.2).

8.5.1 Hydrogen Absorption

Figure 8.4 demonstrates the hydrogen absorption at 250 °C under a hydrogen pressure
of 20 atm. All ball-milled samples exhibit superior absorption properties under these
conditions in comparison with the cast sample. The maximum hydrogen capacity (Hmax)
for the BM-powder and BM-cast samples is approximately 5 wt%, approaching 80% of
Hpax within 11 s and 40 s respectively. Hp,y for the uniBM-cast is about 4.6 wt%, with
80% of hydrogenation of the sample complete in almost 45 s. The cast sample could
absorb only 1.6 wt% hydrogen after 300 s exposure to hydrogen under the same

conditions, but its maximum capacity after 30 min. is ~2.8 wt%.
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Fig. 8.4. Hydrogen absorption at 250 °C and 20 atm.
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The hydriding behaviours of the samples at 200 °C (Fig. 8.5) are almost the same as at
250 °C, allowing for the slightly slower kinetics for all samples, which is normal
because of the lower temperature. The BM-powder, uniBM-cast, and BM-cast samples
absorb 80% of their maximum hydrogen capacities in ~43 s, ~75 s and ~78 s,

respectively.

—x— BM-powder
—e— BM-cast

—=— UniBM-cast
—a— Cast

Hydrogen content (wt%)

0 100 200 300
Time (s)

Fig. 8.5. Hydrogen absorption at 200 °C and 20 atm.

The hydrogen absorption behaviour of the samples indicates that ball milling is a better
method to improve the kinetics. Hydrogen absorption, generally, is much more
dependent on the nucleation and growth of the hydride, which is MgH5 in this case. It is
well known that defects and more active surface area facilitate the nucleation, and the
best known method for introducing defects and active sites is ball milling. However,

ball-milled samples do not show any considerable differences in hydrogen absorption

behaviour, with or without prior casting.
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8.5.2 Hydrogen Desorption

Hydrogen desorption of all samples at 250 °C and under 0.1 atm hydrogen pressure is
shown in Fig. 8.6. The first result from the figure is that the desorption rate under these
conditions is slower than the absorption rate, which is in agreement with our results in
previous chapters and other reports [215]. Secondly, the cast sample releases 80% of its
Hpax in ~1100 s, and this amount for the BM-powder, which has the fastest desorption
kinetic, is released in 1078 s. The BM-cast and uniBM-cast samples show lower rates,
which are ~1220 s and ~1400 s, respectively. Therefore, the desorption kinetics for the
samples are very similar. This could be another result of introducing defects and active
sites during ball milling. The third result based on this figure is that the released
hydrogen for all of the samples is lower than their absorbed hydrogen, which indicates
that a small amount of hydrogen remains in the composites at this temperature, even

after 100 min. None of the composites showed any desorption at 200 °C, even after 2 h.

o
H

—e— BM-cast

—=— uniBM-cast
—a— Cast

BM-powder

Hydrogen content (wt%)
N
[(6)]

-3.5 1
4 Slagngy
-4.5
-5 T T
0 500 _100(8 1500 2000
Time (s)

Fig. 8.6. Hydrogen desorption at 250 °C and 0.1 atm.
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8.6 XRD of hydrogenated samples

Fig. 8.7 shows the XRD patterns of the samples after hydrogenation and for the as-
prepared uniBM-cast sample. The main peaks for all samples here are B-MgH,,
however, there some peaks corresponding to Mg,NiH4, y-MgH,, MgO, and Mg,NiO,.
The peaks of Mg;NiHy4 indicate that Mg,Ni phase has turned into its hydride phase
under these conditions (250 °C and 20 atm), despite its low content in the samples.
Also, all peaks in the uniBM-cast sample are much more broadened than in the other
samples, which is a result of the ball milling with larger balls and impact mode, in
which the balls drop onto the sample from the highest point of the jar [14]. However,

this peak broadening appears too wide at 26 = ~36° in comparison with the other peaks.

This could be a result of the overlapping of two peaks: a B-MgH, peak at 260 = 35.9° and

a Mg,NiH,4 peak at 20 = 36.8°.
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Fig. 8.7. XRD patterns of all samples after hydrogenation.
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As can be seen from Fig. 1, there are some peaks related to Ni in the BM-powder
pattern, while there is no peak related to Mg;Ni before hydrogenation. However, after
hydrogenation of this sample, there are no peaks of Ni particles in the XRD patterns,
while there are some peaks corresponding to Mg,NiHy. It seems that Ni particles, which
are agglomerated with Mg particles during ball milling, are turned to Mg,Ni under the
absorption conditions and help the sorption kinetics of the sample. In spite of handling
the samples in the glove box, there are two peaks corresponding to two oxide phases:

MgO and Mg,NiO; in the cast and BM-cast samples.

8.7. Desorption Temperature

Fig 8.8 shows the DSC traces for all samples with a heating rate of 10 °C/min. All ball-
milled composites show a lower onset and desorption temperature compared with the
cast sample. The onset desorption temperature (Topser) for the BM-powder sample is 50
°C, lower than for the cast one. In addition, the BM-cast and uniBM-cast show 30 °C
and 45 °C reduction in T,pse in comparison with the cast sample, respectively. The BM-
cast and BM-powder samples have 2 peaks in their DSC traces, while the cast and the
uniBM-cast show one peak, which is much broadened. It seems there were two peaks
for these two samples as well, but their peaks overlapped, resulting in one broadened

peak.

There are two reasons for this phenomenon. Firstly, Mg,Ni absorbs hydrogen and is
converted to Mg;NiH,, which releases hydrogen at lower temperature than pure MgH,
[158]. However, as MgH, and Mg,NiH,4 are attached to each other either in the cast or
ball milled samples, they can not release their hydrogen separately and without any

effects on each other. Secondly, all samples have both y and B phases of MgH5 in their
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compositions, and the y-phase decomposes before the B-phase (see 2.7.3). Therefore,
the DSC behaviour could be a combination of these two reasons. In the first step, y-
MgH, and Mg,NiHy release their hydrogen, which is followed by a contraction in the
volume of these particles. Both of these decomposition behaviours are attributed to the
development of elastic strains, which act as external forces for f-MgH, decomposition,
so that a part of this phase becomes dehydrided. However, B-phase particles still remain

in the sample to decompose in the second step, as shown in the DSC traces.

——Cast
——BM-cast
—— BM-powder
——uniBM-cast

Heat flow ( a. u.)

250.00 270.00 290.00 310.00 330.00 350.00 370.00 390.00 410.00

Temperature (°C)

Fig 8.8. DSC traces for all samples after hydrogenation.

Conclusion

In this chapter, a comparison between the hydrogen storage properties of Mg + 6wt%Ni
in three states, cast, ball-milled-cast (by either planetary or magnetic Uni-Ball-Mill),
and ball-milled-powder has been studied, with multi-walled carbon nanotubes added to

the ball-milled samples to speed up the activation. The results indicated that preparation
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of Mg+ catalysts by ball milling leads to remarkable hydrogen sorption properties in
comparison with casting, as a consequence of introducing defects and active sites during
ball milling. However, because the preparation by casting is a cheap method, ball

milling of the cast material would be cheaper than ball milling of fine Mg nanopowder.
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Chapter 9

Summary and Conclusion

Magnesium is one of the promising candidates for hydrogen storage because of its high
storage capacity, good reversibility and low cost. However, the high desorption
temperature and poor sorption Kinetics limited its practical applications particularly for
on-board purposes. The main objective of the present study is improvement of hydrogen
storage properties of MgH,. For this purpose, Mg and/or MgH, powders are doped with
different kinds of additives, mainly through ball milling, and the experiments and
results have been described in previous chapters. In this chapter, a brief of the works

and founded results is summarized.

10.1 MgH,-SiC composites

1. As ball-milling is a method for improvement of surface area, an additive with
high hardness may act as nano-balls during ball milling and causes additional
improvements in surface area of MgH,. Therefore, pure MgH, and MgH,+x
wt% SiC (x= 2, 5, 10, 20) were prepared by magnetic uni-ball-mill and their

experimental results were compared.

2. The hardness of SiC reduces the grain size, increases the surface area and
preventes the agglomeration of MgH, particles during ball milling. These effects
result in the reduction of desorption temperature for all samples including SiC.
Up to 5wt% SiC doping increases hydrogen storage capacity and improves both

absorption and desorption kinetics and also reduces the hysteresis.
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3. Increasing the amount of SiC to more than 5wt% introduces negative effects
such as poor kinetics, lower capacity and higher hysteresis. As SiC is not a
catalyst, these results might be related to blocking the diffusion path of hydrogen

atoms.

10.2 Mg-SiC-Ni nanocomposites

1. After improvement of hydrogen diffusion path, adding a good catalyst like Ni
would have additional improvements in hydrogen storage properties of MgH..
Therefore, a sample of Mg+5wt% SiC+ 10 wt% Ni was prepared by reactive ball

milling and its results were compared with the samples without Ni.

2. Mg particles convert to MgH, during ball milling much faster in presence of Ni
and also, desorption temperature is decreased 80° C in comparison with the

sample without Ni.

3. Hydrogen storage capacity and absorption/desorption kinetics significantly was
improved by addition of Ni to the system. This could be a result of improvement
of the surface area by SiC and catalytic effect of Ni for hydrogen molecules

dissociation.

4. Hydriding/dehydriding kinetic investigation proved that the rate-limiting step for
pure sample during desorption is the recombination of chemisorbed hydrogen

atoms while for the Ni doped sample it changes to bulk nucleation and three-
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dimensional growth of the existing nuclei as a result of catalytic effect of Ni
towards recombination of hydrogen atoms and raising defects due to presence of

SiC.

10.3 MgH,-BCC composites

1.

It has been shown that different kinds of Ti-based body centred cubic alloys
have significant catalytic effects on MgH, sorption properties. Therefore, a new
kind of these alloys, Tig4Mng22Cro1Vo2s (named BCC), was ball-milled with

Mg in hydrogen atmosphere with different ball to powder weight ratio (BPWR).

The conversion of Mg to MgH, for the samples including the BCC is much
faster than the pure one and the MgH,-BCC sample have smaller particle size
and less agglomeration. In addition, the desorption temperature decreases as a

result of the BCC doping.

Hydrogen storage capacity and absorption/desorption kinetics for the MgH,-
BCC samples improve significantly. Additional improvements are achieved for
the sample with higher BPWR. Furthermore, the PCI curves indicate an

expansion of the unit cell in presence of the BCC.

These results may be related to catalytic effect of the BCC on hydrogen
molecules dissociation by hydrogen absorption/desorption at low temperature. In
which the BCC becomes hydride first and then desorbs its absorbed hydrogen in

to the Mg particles.
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10.4 MgH,-BCC-CNT composition

1.

It has been reported that a combination of CNTs with transition metals lead to a
great improvement of hydrogen storage properties of MgH,, therefore, a
combination of the BCC (Tip4Mng22Cro1Voa2s) with multi walled carbon
nanotube (CNT) was ball-milled with MgH; in a planetary ball milling and its
hydrogen storage properties compared with pure MgH, and MgH,-BCC which

were prepared with the same method.

Furthermore

2.

The BCC particles distribute homogeneously among the MgH, particles on both
surface and interior layers as a results of high energy ball milling. Furthermore,
the desorption temperature is reduced up to 125 °C for the sample include CNT.
Moreover, because the difference between Tges and Tonset IS low for this sample,

it releases hydrogen much easier than the samples without CNT.

The hydrogenation and dehydrogenation for MgH,-BCC-CNT sample is rapider
than both pure and MgH,-BCC samples both in 300 °C and 250 °C. Moreover
the maximum hydrogen absorbed is much higher for both doped samples in
comparison with the pure one. These results indicate that the BCC and CNT

have synergistic effects on all aspects of hydrogen storage properties of MgH..

The catalytic effects of the BCC are 1) dissociation of hydrogen molecule and 2)

acting as an atomic hydrogen bridge in BCC/Mg interface and transform

hydrogen atoms to Mg particles.
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5.

The effect of CNTs could be aggregation along the grain boundaries of Mg and
facilitate penetration of hydrogen atoms to interior layers of Mg grains. The

effects of BCC and CNT could be reverse during hydrogen desorption.

10.5 Mg-Ni as-cast, ball-milled and ball-milled-cast samples

1.

It is accepted that cast eutectic Mg- Mg,Ni can provide required interfaces for
hydrogen diffusion into magnesium layers. On the other hand, ball milling a
sample of Mg+Mg:Ni after casting may facilitate the placement of the Mg,Ni in
deeper layers of Mg which can help the diffusion of hydrogen atoms into interior
layers of Mg. Therefore, firstly, Mg-Ni (6wt%) was fabricated by melt
processing and casting. Then a part of the obtained cast alloy was ball-milled by
planetary and magneto ball-mill. The results were compared with ball-milled
Mg+6wt%Ni powder. Ball milling for all samples were in presence of 5 wt%

CNT for activation purpose.

The as-cast sample has a eutectic appearance. However, the eutectic structure is
completely disturbed, and the particle size and agglomeration of its particles are

also lower than in BM-cast and BM-powder samples.

Hydrogen absorption at 250 °C and 200 °C make it clear that all ball-milled
samples perform faster Kinetics and higher capacity in comparison with the as-
cast sample. However, ball-milled samples do not show any considerable
differences in hydrogen absorption behaviour, with or without prior casting. On

the other hand, the desorption rate for all samples are almost the same.
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4. The results indicate that doping Mg with a catalyst through ball-milling exhibit
remarkable hydrogen sorption properties in comparison with casting as a
consequence of introducing defects and active sites during ball milling.
However, because the preparation by casting is a cheap method, ball milling of

the cast material would be cheaper than ball milling of fine Mg nanopowder

10.6 Future works

Although some scientists believe that MgH, is not a good candidate for hydrogen
storage because of its sluggish kinetics and high desorption temperature, this material is
still one of the promising candidate for this purpose particularly after releasing the new
DOE target [20]. To improve its hydrogen properties using new ceramic particles and
preparing new combination of MgH,/complex hydrides can be functional methods. In
addition, working on guanidinium borohydride and fabricating a composition of it with
MgH; can be useful method for further improvement of hydrogen storage properties of

magnesium hydride.
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