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Synopsis

A vast range of different materials have been studied for their hydrogen storage properties,
however, borohydrides offer some of the highest gravimetric and volumetric storage
densities, with LiBH,; boasting the highest H, storage capacity of 18.36 wt%. In this work
LiBH, is added to a number of different non-reactive additives in order to investigate their

influence on the hydrogen storage properties of LiBH,.

Graphite is a cheap and abundant material that has been used to destabilize hydrogen
storage materials such as LiH. In this work graphite was ball milled under argon (Ar) and
hydrogen (H,) atmospheres before being added to LiBH,. Milling under Ar led to a higher
amorphous content in the graphite compared to that milled under H,. Graphite milled under
Ar resulted in a reduction of 102 °C in the decomposition temperature of LiBH4;. Pawley
refinement of XRD measurements on the dehydrided graphite+LiBH, samples provided
evidence of lithium intercalation, with graphite milled under Ar forming the more lithium
rich compound LiCse. LiBH,; was successfully reformed at 350 °C and 100 bar H; confirmed by

XRD, however, the both samples suffered serious degradation over 5 cycles.

The effect of porous additives was investigated through the incorporation of LiBH, into
zeolite templated carbon (ZTC) and porous silicon via melt-infiltration. Confinement of LiBH,
in these scaffolds resulted in a decrease in the decomposition temperature of LiBH4 by over
125°C. The smaller pore size of ZTC was found to have the greatest effect on the H, onset

and cyclic stability of LiBH,. The pre-melting of LiBH,; mixed with the porous hosts was found



to eliminate the release of B,Hg during decomposition. No correlation between the surface

area of the additives and decomposition temperature of LiBH,; was observed.

Unfortunately none of the materials studied in this work meet the Ultimate Fleet targets set
out by the United States DoE (Section 1.6), however, the confinement of LiBH4 in porous
structures was shown to best enhance the H, storage properties of liBH4. Adjustments to the
ratio of additive to LiBH4 along with the fine tuning of pore size of porous scaffolds should be

explored in order to optimize the H, content in LiBH,4 + additive mixtures.



ACKNOWLEDGEMENTS

I would like to thank the EPSRC for their financial support over the 3 years of research. Thank
you to Intrinsiq Materials and Nicholas M. Musyoka (Council for Scientific and Industrial
Research (CSIR), South Africa) for the kind donation of Porous Silicon and Zeolite Templated

Carbon for investigation in this work.

Thank you to Professor David Book for his supervision and support throughout the duration
of my postgraduate studies in the Hydrogen Materials Group especially his attention to

detail during the writing of this thesis.

A special thank you must be extended to Dr Daniel Reed for his continued support, guidance
and help with experimental measurements. Thank you to my fellow peers who have
provided me with many laughs and wise words: Matt Farr, Sheng Guo, Rich Murray, Christos

Paterakis, Luis Fernandez and Rich Sheridan for keeping me fuelled with coffee and snacks.

Thank you to my partner in crime, Dr Luke Hughes. It is safe to say without you | would have
spent much less time on the golf course and more time in the lab destroying things...
although we did get pretty good at fixing everything we broke before anyone found out.
Thank you to yourself, Jen, Rupert and Nala for always providing me with a home away from

home during my write up.



Thank you to my amazingly supportive and inspiring family. Mum and Dad your support both
financially and emotionally has been integral to my success, | thank you for everything you
have done and continue to do for me. Thank you to Adam for always being there and
especially for the low interest rates you charged on every loan you gave me in my hour of

need.

Finally, but most importantly, thank you to Jasmine. You never doubted me and were always
there to slap the sense back into me every time | wanted to throw in the towel. Without you

| would never have completed this thesis, | can never thank you enough.



CONTENTS

S 111 Y Lot o o 1
1.1  Current Energy SitUation.......oooiiiiiiiiiicee e ee e e 1
1.2 What makes hydrogen a viable energy VeCtor?........cccccevviiieeei v 3
1.3 Hydrogen ProdUCLION .......oovuiiiiieiiiiiiiee ettt e e s s e e s e s abae e e e s s aeaees 4

1.3.1 Steam Methane RefOrming......couiiieiiiiiiiiiee i 5
0 0 =Tt i o] 1Y 2] PP PP POPPPPPRNt 6
1.3.3  Thermal Splitting Of Water ....ccoiiviiiieii e 7
IO 0 =10 4}V [ o ==Y o PP PP PPPRNt 8
1.4 Hydrogen @s @ fUE ....ueeiiiiiiiiieee e e 10
1.4.1  Internal ComMbBUSTION ..ciiiiiiiiiiie e sre e e s e 10
L1.4.2  FURICEIIS ettt s s e e e s e st e e e e e e s nabbaaeeesenaataeeesennns 11
1.5 A Brief comparison of Battery and Fuel Cell powered cars........ccccuveeeeiiniiieeeeeennnnnee. 12
1.6 Properties of an Ideal Storage Material........cccccovviiiiieiiiiniiiieee e 15

2 Literature REVIEW ......ccciiiieuiiiiiieiiiinniiiiiisiiisssisiissesisisassimssssisissssssresssssssassssssnssssssanss 17
2.1 The Hydrogen Storage Problem ...........oeeiiiiiiiiiiiiiee et 17
2.2 Traditional Hydrogen Storage TeChNIQUES........ccoivvciiiiiiiiiiiiieee et 17

2.2.1 Compressed Gaseous HYArOZEN ........cceiiiiiiuiiieeeiiiiiiieee e eriiee e e esiiree e e ssiraeee e 17
2.2.2 Liquefaction of Hydrogen- Cryogenic StOrage ......ccccvveeeeiviciivieeeiiniiieeee e 19

2.2.3  HYAFOIYSIS oottt e e e e aaee s 20



2.3 Solid State Hydrogen STOrage ......covvuiiiiiiiiiiiiiee ettt e e e e 21

2.3.1  PRYSISOIPLION Leviiiiiiiiiiiee ettt e e e s s s e e e s s saatae e e e e snaraeeee s 22
2.3.2  Chemisorption (Metal Hydrides)......c.cceeruiieeriieiiriiie e 28
2.4 Carbon Based Storage Materials (Chemisorbed Hz) ......cooecviieeiiiiiiiiiieeeeieeee e, 29
2.4.1 Characterisation of Graphite.....cccceccuiiiiiiiiiiiiieee e 30
2.4.2  Ball Milled Graphite ......ccooiiiiiiiieiiiiiieee et sraeee s 37
2.4.3 Ball Milled Graphite + Additions .........ceeiiiiiiiiieeeiciee e 40
D2 T oo 101U E3Y 1 Tl o U 42
2.5.1 Characterisation of POrous SiliCON ........cccovriiieiiiiiiiiieec e 45
2.5.2 Thermal deCoOmMPOSITION ..cccvuiiiiiieiiiiiieee e ssraeee s 48
2.6 Lithium Borohydrides......ccooviuiiiiiiiiiiiiiee ettt sbaae e e s s s 49
2.6.1  SErUCEUIE OF LIBHauuuu o iiiiieieeeieeeeee e et e e e aa s 50
2.6.2 Thermal DECOMPOSITION ....ccuuiiiiii ittt ettt e e e e s srr e e e s s sabaeeee s 50
2.6.3  Hydrolysis Of LIBHz ..c.uvueeeeiiiiiiiiieeiesiiieee ettt saan e e s s sanaeee s 53
2.7  Destabilisation LiBHa ......couuuuiiiiiiiiiieii ettt e e et e e e e raae e e eeeas 53
2.7.1 Effect of Oxidation on the decomposition of LiBHg ......uvvviriiiiiieiieiieciiiiiee, 54

D R O - | V] PP PRSPPI 54
2.7.3  Reactive Hydride COMPOSILES ...cccevruiiiiiiiiiiiiiieeeeeriietee et ssareeee s 57
2.7.4 Size and Interface REACLIONS ....ccviiiviiiiiiii ittt baeee s 60
2.8 The ChallENEe...ueeeii it e s e e e e e s baee e e e e eaaeees 71
T £ 1 1 L3RS 72



4.1 Starting MaterialS.....ueu e e e s 74

4.2 SAaMPIE Preparation ...t e s st a e e s e aaaeee s 74
o R T 11 1V, 111 T Y-S PP PPPP 75
4.2.2  Pre-MEIING coooiieiieee et e a e e 78

4.3 Sample CharacteriSation .......iciiviiiiie e s essraeee s 79
4.3.1  X-RaY DIffraCtion ...cccieiiciiiieei ittt e e e 79
4.3.2 Raman Scattering SPeCIrOSCOPY...ccvtiittrmtiiniieceere et eeee ettt e e e e e 85
4.3.3 BET Specific Surface Area (N, Adsorption Isotherms).......ccccccvveeveieeecicieeessneennns 89
4.3.4 Scanning Electron Microscopy — Energy Dispersive (X-ray) Spectroscopy.......... 91

4.4 Characterisation of DECOMPOSItION ...ccovvviiiiiiiiiiiiiiee e 92
4.4.1 Thermo-Gravimetric ANAlYSiS......uuiiii i e e e 92
4.4.2 IMASS SPECEIOMELIY ...t e e e e e e 94
4.4.3 Differential Scanning Calorimetry .....coccuvieeiiiiiiiieee e 95

4.5 Characterisation of Reversibility ......ccccvcvuiiiiiiiiiiie e 98
4.5.1  Sieverts Method. ..ot e e e e 98
4.5.2 Isothermal Hy desorption/uptake ..........cccceeeiuieiiiiecieesiieciee e e e 99
4.5.3 Cyclic uptake/degradation ........ccccccueeiiieiiieciee e 100

5  Graphite (Ar) 4 LIBHg «.coeeeeeeeeiiiiiieiiiceeeteeeenccccsreennnseeeeseesnnsssssessssnnsssssssssennssssssssannns 101

5.1 Characterisation of Graphite (Ar) + LiBHg ...ccoccuvviieeeieiiieeeeeceeee e 101
5.1.1  X-RAy Diffraction ..cccoccuuiiiiiiiiiiiiee ettt s 101
5.1.2  RAmMan SPECIIOSCOPY ceeerrruiuuuiiiieeee e et e et eeee ettt e e e e e e e e e e e eeeeeeeeeeeesnnnnaes 103

5.1.3 N, Adsorption Isotherms & BET ... 107



5.2 Thermal DeCoOMPOSITION . ...ciiiiiiiiiiee ettt e s s e e s e saareeee s 109

5.3 Rehydrogenation study of Graphite (Ar) + LiBHg ..cccoeeuveiieeeeiiiiieee e, 115
5.3.1  X-ray Diffraction ..cceeeeeiiieei e 115
5.3.2  RAmMan SPECIIOSCOPY ceetrtriiuuuiiaeie e e et e et eeee ettt e e e e e e e e e e e eeeeeeeeeeeessnnnaes 116
5.3.3  DSC-TGA-MS ...ttt s e e e s e st e e e s s nbbae e e e s e nabaaeeessenasaeees 118
5.3.4  Cyclic Hy Uptake Stability .....ccceveeeiiiiiiiiieeeciiieee et 119

5.4 DISCUSSION Leuiieeieiee ettt e e e e e e e e e et ettt ettt et e e e e e e e eeeeeeeeneteeeeesennnnnanes 120

6  Graphite (Hz) +LIBHj ccceeeeeeeeenniiiiiiiiiiiiiiiiiiiiiineseesesessssssssssssssssssssssssssssssssssssssssssssssnnes 125

6.1 Characterisation of As-prepared Material ........ccccoeviiiiieiiiiiiiiee e 125
6.1.1  X-RaAy Diffraction .coccueeiiiiiiiiiiee e 125
6.1.2  RAMaN SPECLIOSCOPY ..ciiiiitiiriiiiieiee e e e et et ee ettt e e e e e e e e e eeeeeeeeeeeesnnnnanes 128
6.1.3 N, Adsorption Isotherms & BET ...t 132

6.2  Thermal DeCOMPOSITION.....cccuiiiiie ittt e e s s sbeaeeeeseaes 134
6.2.1 As-prepared Graphite (Hy) + LiBHg ..uuveeiiiiiiieee et 135

6.3 Rehydrogenation INVeStiZatioN ........ccuuviiiiiiiiiiiiee it 140
6.3.1  RAMaN SPECEIOSCOPY ..ciiiiitiiniiiieaeeee e e e e e e e ee ettt eee s e e e e e e eeeeeereeeeenesnnnaaanes 141
6.3.2  Thermal DECOMPOSITION......uuiiiiii ittt e e e s e sbaeeeee s 143
6.3.3  Cyclic Hy Uptake Stability .....cccvveeeiiiiiiiieeeciieee e 144

6.4 DISCUSSION ettt e e et e e e e et et e ettt ee b e e e e e e e e e eeeeeeeeeteeeeesnnnnanes 146

7  Activated Carbon 4+ LIBH g ..c.cieuiieiieeiieiiiiieiiecrieeeireecieeerneseesieessnssesssesssnsssnssenssasssnssens 149

7.1 Characterisation of As-Prepared Sample .......cccuuvieeiiiiiiiieiieiriieee e 149



7.1.1  X-RAY Diffraction ..cccoccueiiiiii ittt 149

7.1.2  RAMaAN SPECIIOSCOPY cevtrrrurunuuiieaeeeeeeeeeeeetettttretie e s e e e e e e e eeeeeeeeeeeeeesesnnnnaaanes 151
7.1.3 N, Adsorption Isotherm & BET ...t e e 152
7.2 Thermal DeCOMPOSITION . .uiiiiiiiiiiiee ettt e e s e e e s s sbaeeeee s 154
2 2 R O N G 1 G A P UPPPR 154
7.2.2  X-RAY Diffraction ..ccccocuiiiiiiiieiiiiee ettt 157
7.2.3  RAMaN SPECIIOSCOPY ceeerrrirunniiaeeee e e eeeeeeee ettt e e e e e e e e e eeeeeeeeeeeenesnnnnaaaaas 157
7.2.4  In-situ X-Ray Diffraction .......cccuuveiiiiiiiiiieec et 158
7.3  Rehydrogenation inVestiZatioN .........occuuiiiiiiiiiiiiiee e 161
7.3.1  X-RAY Diffraction ..cccocuuiiiiiiiiiiiiee ettt 161
7.3.2  RAMaN SPECIIOSCOPY ceetittiintniiiaeeeee e e e e e e e eeee ettt ettt ree e e s e e e e e e eeeeeeeeeeeesesnnnnaaaas 162
7.3.3  DSC-TGA-MS ...ttt e e e st e e e s st e e e e e s s sabaae e e e s s nbbaeaeessnnseees 163
W2 T S GV o [ Toll U o) - | (T PR PSPPSR 165
T84 DISCUSSION .eieieieeee e ettt ee e s e e e e e e e e e e ee e ettt et ees s s eeaeseeaeaeeaaeeereeeaesnsnnnnannas 165
8 Zeolite Templated Carbon + LiBHg...c..ccveeueiiieeeiiiieiiiieeiccreeeicscenecereneeseenenessenssessennns 169
8.1 Characterisation of As-Prepared Sample .......cccvuvieeiiiiiiiieeieiiee e 169
8.1.1  X-ray Diffraction ..ccceeieiiiieii i 169
8.1.2  RAMaAN SPECIIOSCOPY ceverrrtrunuuuiaeaee e et e eeeeeeteett ettt e e e e e e e e eeeeeeeeeeeeesesnsnnnaaaaas 171
8.1.3 N, Adsorption Isotherms & BET ... 172
8.2 Thermal DeCOMPOSITION . ...iiiiiiiiiiiee ettt e e s e e s s sbaeeeee s 174
8.2.1  NON-PM ZTC + LiBHg ceuvreeeeiieiiiieee ettt e e s e e s e e e s e 174

8.2.2 PM ZTC + LiBHz ittt 175



8.3 Rehydrogenation INVestigation .........cucuuiiiiiiiiiiiiiee e 177

8.3.1  X-RAY DiffraCtion ...cccoeuuiiiiiiiiiiiiie ettt 177
8.3.2  RAMaAN SPECIIOSCOPY ceetrerutunuieieee e e et e et eeee ettt s e e e e e e e e e e e eeeeeeeeeeaesnnnaaaes 178
23 TR T B N O 1 G A Y PP 179

S IR S Vol [Toll o PR U o] =1 =P PPPP 180
SRR A B T 1ol V3] [0 o [PPSR 181
O POrouS STlICON + LiBHjg c.euuieeiieiiieiieeiiiiiiireeireeereeeereestnsernssesssasssnssenssasssnsssnssenssnsssnnsens 187
9.1 Characterisation of POrous SiliCON ......ccuuviiiiiiiiiiiiieccriee e 187
R 0 R - { B PP PPPP 187
9.1.2  RAMaAN SPECIIOSCOPY cevrrrrnruuniaaieieeeeeeeeeeee et titetet e eeee e e e e e e e eeeeeeeeeeeeeesesnnnaaaanes 189
R I T =1 1V 1 R PR UPPPRP 191
9.1.4 N, Adsorption Isotherms and BET........ccccooiiiiiiiiieiieeeee e 193
9.2 Thermal Decomposition of POrous SiliCON ..........cceeiviiiiiiiiinniiiieee e 194
9.2.1  INn-Situ RAmMan SPeCErOSCOPY .. uuueeeeeeiieeeeieieiiitiitit e e e e e e e e e e e e eeeeeeeeeeeenaes 194
9.2.2 N, adsorption isotherms & BET..........cccccciiiiiiiiiiieeeeee e e e e 198
A T O N G 1 G A Y PP PPP 198
9.3 Characterisation of Porous Silicon + LiBHa.....ccuueeeiiiiiiiiiiiiiiiiiieee et 199
1 T8 R - { B PSPPI 200
9.3.2  RAMaAN SPECIIOSCOPY cevtrrrnrunuuaaieie e et eeeeeeee et tttttttie i eree e e e e e e e eeeeeeeeeeeeeesesnnnnaanes 203
9.4  Thermal DeCOMPOSITION ...uiiiiiiiiiiiee ettt e e s srre e e e e s saraeeeee s 204
O R B N O G A PP PPPR 204

9.4.2  XRD ittt et e e e e e 208



9.4.3  RAMaAN SPECIIOSCOPY ceverrrutuuuiaaieeeeeeeeeeeee ettt ere e e e e e e e e e eeeeereeeeeeesesnnanaanes 209

0.4.4  IN-STEU XRD u . iieeietiiee ettt ettt e et e e et e s et e e et e s et e s etanasesanssetnnesenanans 210

9.5 Rehydrogenation of Porous Silicon + LiBHg.......uuveeveeiiieeiiiiiiiiccccccirieeeeee e, 212

S T TN D 2 1 D B PP 212

1 e T A ¥ 0 0 =1 o TP 214
0.5.3  DSC-TGA-MS ...ttt et e s et e s et e e ta e s et e s e tana e s et e eetanaseeanans 214
T N Yol [ Toll U o) - | (TP PPPRP 215

1S ST B 1Y ol U £ o o [N 216
10 GENEIral DiSCUSSION .cuvureuirrererereereirereeresranressessassessessessessessessessessessessessassassssssssssas 220
11 CONCIUSIONS .euuvereireireireieeerereereereersersessssseresrassastassassessessessessessessessessessessassassssssssssssnas 233
12 FULUIE WOTK ceuveieireireirititerererereereerensensesrassastassassessessessessessessessessessessessassasssssssssnas 235

13 RO OIONCES. . iutuireireireireirrrerrereersersersersesssrasrastestastassessessessessessessessessessessessassassassssssnas 237



LIST OF FIGURES

Figure 1.1 Breakdown of Global Energy Consumption 2012 (REN21, 2011).....ccccceevuveeeriuveeennns 2

Figure 1.2 Schematic diagram showing the electrolysis of water (NMSEA, 2015).................... 7

Figure 1.3 Schematic diagram showing a breakdown of the hydrogen production techniques

associated with biohydrogen (Mohan and Pandey, 2013)........cccccevviiiiniieeenciee e 9

Figure 1.4 Schematic diagram of a PEM fuel cell (Speight, 2011) ......ccccverviiieviieeiviieeeeienne 12

Figure 1.5 Schematic diagram showing relative fuel tank volumes and weights for different
storage materials for a vehicle with a 500km range. CNG = compressed natural gas,

CGH,; = compressed gaseous hydrogen (Brinkman et al., 2012) .......cccccevvveeeeiieeeninennnne 14

Figure 2.1 Schematic diagram of a high pressure light weight composite hydrogen storage

EANK (IEA, 2006) ... veveeeeeeseeseeseeseeseeeeeeseseesseseesseesessessees s seeses e seaseeseeseseseesessesseesessessee 19

Figure 2.2 Gravimetric vs. Volumetric hydrogen storage densities of a variety of hydrogen

storage materials and the temperate at which H, is released (Parker, 2010) ................ 21

Figure 2.3 Schematic diagram of the synthesis of a zeolite templated carbon, (a) crystal
structure of zeolite Y, (b) illusion of zeolite/carbon composite and (c) framework

structure of the final ZTC after washing (Nishihara et al., 2009) ........cccceeeeivvieeeeecnnneenn. 26

Figure 2.4 Two hypothetical ZTC structures fitted into a zeolite Y framework (a) and (b),
where (c) and (d) are the encased ZTC structures comprised of Cgg and Ceg building units

respectively (Nishihara et al., 2009) .......ccooiiiiiiiie e e 26



Figure 2.5 TEM images of (b) Commercial Zeolite X and its ZTC derivative and (c) high and

low resolution images of the derived ZTC (Musyoka et al., 2007) ......ccccoveeeeeeeciiieeeeenns 27

Figure 2.6 Schematic diagram of different hydrogen bonding states possible in hydrogen

storage materials (Zuttel and Borgschulte, 2007) .......ccceeeviieeeiiieeeeiieeesieeeesieeeesveee s 29

Figure 2.7 Raman Spectrum of a graphene edge showing the location of the D, G, D' and G'

bands (514 nm excitation laser wavelength) (Malard et al., 2009)........cccccceeeeeecirreennnnn. 31

Figure 2.8 Schematic diagram showing the different Raman scattering process for each
possible graphitic band. G band (left) is a first order process, D (middle top) is a inter-
valley single phonon second order double resonance process, D’ (middle bottom) is an
intra-valley single phonon second order double resonance process, G’ (right) two

photon second order double and triple resonance processes (Malard et al., 2009) ...... 32

Figure 2.9 G' Raman band of (a) 1, (b) 2, (c) 3, (d) 4 and (e) highly order pyrolytic graphite

(measured using a 514 nm excitation wavelength) (Malard et al., 2009)....................... 34

Figure 2.10 HRTEM images of graphite samples with an amorphous nanostructure milled for

various durations under Ar and H, (Francke et al., 2005) .......cccceeeeeeeiiiiiee e, 39

Figure 2.11 SEM image of the surface of a porous silicon wafer (12.5 %HF solution,

anodization current of 10 mMAcmM™) (Dian et al., 2004) .......o.oveeeeeeeeeeeeeeeereeeseeenene. 44

Figure 2.12 Cross-sectional SEM image of a porous silicon wafer created by electrochemical

etching (Dian €t al., 2004) .......uuviiii et e e e e e e e e e e e e e e e e e anraaee s 44



Figure 2.13 Raman spectra of Silicon samples with varying quantities of amorphous content.
The orange line shows the spectrum of crystalline silicon, the red, blue and green lines

show Raman spectra of amorphous silicons (Semrock, 2016)........ccccceeeeeeciieeeeeeccnnnnnn.. 45

Figure 2.14 Raman spectrum of Porous and crystalline silicon with an excitation wavelength

of 488 nm (Dubey and Gautam, 2009) .......ccccuuiieieeiiiiiiee e et e e 46

Figure 2.15 Schematic diagram of SiHx bonding present on the surface of porous silicon. a)
the surface of a low porosity PS (<60%) b) the surface of a high porosity (>60%). The

dashed lines represent the surface (Lysenko et al., 2004). ......ccccceeeveieeeiiieeeeiieeeeiieeens 47

Figure 2.16 a) Infrared Spectra of meso-porous silicon with varying porosity b) TPD profile
showing hydrogen desorption with increasing temperature (Manilov and Skryshevsky,

2013; Lysenko €t al., 2005)......cueieiiiiiiiieeeeeeiiriee e e e eecrree e e e e e et e e e e e e earra e e e e e eerra e e e e e ennrraaaans 48

Figure 2.17 DSC-MS profile of bulk LiBH, heated to 550 °C at 5 °C.min" under 50 ml.min™ Ar

(SHA0 €T al., 2004) ...t e e e e e e et e e e e e arraaaaas 50
Figure 4.1 Schematic Diagram of Characterisation Process........ccccccuvuuveeeeiiiiiveeeeiiniineeeeennns 73
Figure 4.2 Schematic Diagram of Planetary Ball Mill and Motion of Milling Pots and Balls ... 76

Figure 4.3 Tungsten Carbide Milling Pot and Pressure Transducer with approximate scale bar

FIGUIE 4.5 Bragg's LAW ...cuuuiiiiiiiiiiiiie ettt e ettt te e sttt e e e s saae e e e s s s abae e e e e e ssbaaaeeesssanseaeeesennns 81

Figure 4.6 Bruker D8 Advance diffractometer with a 7-position sample changer and dome

Cell SAMPIE NOIAET . e e s s baaeeas 82



Figure 4.7 Bruker D8 Advance diffractometer with a XRK900 sample cell .........ccccccvveernneeens 84

Figure 4.8 Schematic diagram of the Rayleigh and Raman Scattering Processes.................... 87

Figure 4.9 Hiden Analytical IGA setup for A) heating with furnace attached B) cooling with

liquid nitrogen Dewar attached ... 90
Figure 4.10 Schematic diagram of Netzsch 209 TGA SEtUP.....cccvvteeiiriiiiieeeiriirieee e 93
Figure 4.11 A schematic diagram of a quadrupole mass filter.......cccocvveeeiinriiiieen e 95
Figure 4.12 Schematic diagram of differential scanning calorimetry setup.......cccccceeuvveeeennne 96
Figure 4.13 A Schematic diagram of a Sieverts apparatus .......ccccccceeeveiiieeeeiinciiieee e 99

Figure 5.1 Room temperature XRD patterns of (a) as-received graphite, (b) 8 h milled
graphite (Ar), (c) as-received LiBH4; and (d) as-prepared graphite (Ar) + LiBH4. Peak
identities are indicated by dashed lines and markers; black diamonds signify reflections
from graphite and black circles reflections from LiBH4. The ICDD PDF2 database (2011)

was used for phase identification ... 104

Figure 5.5.2 Room temperature Raman spectra of (a) as-received graphite, (b) 8 h milled
graphite (Ar), (c) as-received LiBH4 and (d) as-prepared graphite (Ar) + LiBH4. The D, G,
D’, G’ and D+G bands are marked by the black dashed lines (Ferrari et al., 2006). The
[BH4]” bending and stretching modes of LiBH, are labelled along with the origin of each

VA1 o1 14 o] o N UUUTTT TP UOP PR 105

Figure 5.3 N, adsorption isotherms (-195 °C) for (a) as-received graphite, (b) 8 h milled

{0 Yo L a1 LY VY o ISP 107



Figure 5.4 BET results for As-received graphite calculated from Figure 5.3a, the fit

parameters are shown in the bottom right corner of the graph .......cccoccvvveiiininnenn. 108

Figure 5.5 BET results for 8 h milled graphite (Ar) calculated from Figure 5.3b, the fit

parameters are shown in the bottom right corner of the graph ........ccocccvvvviiininnnnn. 109

Figure 5.6 DSC-TGA-MS profile of 8 h milled graphite (Ar) heated to 500 °C at 5 °C.min™

under 3 bar Ar with a flow rate of 100 MLMIN " e.eeeeeeeee oo, 110

Figure 5.7 DSC-TA-MS decomposition profile of as-prepared graphite (Ar) + LiBH, heated to

500 °C at 5 o C.mMIN  UNAEI 3 DI Al oo e e ee oo e e e eee e e s e e s e e eseeseneesans 112

Figure 5.8 In situ XRD of as-prepared graphite (Ar) + LiBH4 heated to 400 °C at 2 °C.min™
under 3 bar He, intensity is indicated by a spectrum of colours where red indicates high
intensity and blue indicates low intensity. Graphite reflections are marked with black
diamonds, Al,03; (sample holder) reflections with black circles. The ICDD PDF2 database

(2011) was used for phase identification ........ccccccciiieeieeeiiiiiee e, 114

Figure 5.9 Room temperature XRD patterns of (a) as-prepared graphite (Ar) + LiBH4, (b)
dehydrided graphite (Ar) + LiBH4 and (c) rehydrided graphite (Ar) + LiBH4. The location
of reflections from LiBH4, graphite and LiH are indicated by the solid black circles, solid
black diamonds and the clear squares respectively. The ICDD PDF2 database (2011) was

used for phase identification ........ccueeiiiiiiii 116

Figure 5.10 Room temperature Raman spectra of (a) as-prepared graphite (Ar) + LiBHg, (b)
dehydrided graphite (Ar) + LiBH; and (c) rehydrided graphite (Ar) +LiBH; measured

UNAEE 100 ML N AL ettt e oo e e e e e e e e s e e es e e es e s e e s e eeseesesesereesenens 117



Figure 5.11 DSC-TGA-MS profile of the decomposition of rehydrided graphite (Ar) + LiBH,4

heated to 500 °C at 5 °C.min™" under 3 bar Ar flowing at 100 ml.min™...........cocceuu...... 118

Figure 5.12 Cyclic H, uptake isotherms of graphite (Ar) + LiBH; measured at 350 °C as a

function of H; pressure and uptake, the final H, uptake after each cycle is displayed. 120

Figure 6.1 Room temperature XRD patterns of (a) dried as-received graphite, (b) 8 h milled
graphite (H,), (c) as-received LiBH4 and (d) as-prepared graphite (H;) + LiBH4. Reflections
associated with graphite are identified by the black diamonds, and those due to LiBH,4

identified by circles. The ICDD PDF2 database (2011) was used for phase identification

Figure 6.2 Raman spectra of (a) dried as-received graphite, (b) 8 h milled graphite (H,), (c) as-
received LiBH,4 and (d) as-prepared graphite (H,) + LiBHa, measured under 100 ml.min™
flowing Ar. The location of the D, G, D’ G’ and D+G bands are indicated by the dotted

(o] Yol 1 1T PPRRTRRR 130

Figure 6.3 Isothermal Nitrogen adsorption measurements of (a) as-received Graphite (b) 8 h

milled graphite (Hz), @t =195 °C .ooviiiiiiiie ettt e rae e e e e e 132

Figure 6.4 BET results for as-received graphite calculated from Figure 6.3a, the fit parameters

are shown in the bottom right corner of the graph ......ccccooeiiieiiinii e, 133

Figure 6.5 BET results for 8h milled graphite (H;) calculated from Figure 6.3b, the fit

parameters are shown in the bottom right corner of the graph .......cccoccvvvviiininnenn. 133



Figure 6.6 DSC-TGA-MS profile of 8 h milled graphite (H,) heated to 900 °C at a rate of 5
°C.min™* under 3 bar Ar with a constant flow rate of 100 ml.min. The maximum

temperature of the DSCis 500 “C...cceeiviiiiiiieiiiiiiiiee e eeiieee e e e e e ssirree e e s s sieneeeessnnes 135

Figure 6.7 DSC-TGA-MS profile of as-prepared graphite (H,) + LiBH, heated to 500 °C at a rate

of 5 °C.min"* under 3 bar Ar with a constant flow rate of 100 ml.min™ .....c..coevevvvvennn. 136

Figure 6.8 In-situ XRD results of as-prepared graphite (H,) + LiBH; heated to 400 °C at 2
°C.min™* under 3 bar He. Peak intensity is indicated by a spectrum of colours, with low
intensity indicated by dark blue and high intensities indicated by red. Intense reflections
consistent with graphite are indicated by black diamond markers and reflections from
the Al,03 sample holder indicated by black circles markers. The ICDD PDF2 database

(2011) was used for phase identification ........cccccccvuieeieecciiiiee e, 139

Figure 6.9 Room temperature XRD patterns of (a) as-prepared graphite (H;) + LiBH4, (b)
dehydrided graphite (H,) + LiBH; and (c) rehydrided graphite (H,) + LiBH4. Reflections
from graphite are indicated by the black diamonds, LiBH,; by black circles and LiH by
hollow purple squares. The ICDD PDF2 database (2011) was used for phase

(Lo (=T a N A1 A Lor= 1 A Lo Y IPTTT T TTT TR 140

Figure 6.10 Room temperature Raman spectra of (a) as-prepared graphite (H,) + LiBH4 (b)
dehydrided graphite (H;) + LiBH; (c) rehydrided graphite (H;) + LiBH; measured under
100 ml.min™ flowing Ar. The location of the D, G, D’ G’ and D+G bands are indicated by

11 aY=K0 [o] 1 (Yo Il o] = Yol |G [ 0 L= OO PR UOP RSP 142



Figure 6.11 DSC-TGA-MS profile of rehydrided graphite (H,) + LiBH; heated to 500 °C at a

rate of 5 °C.min"* under 3 bar Ar with a constant flow rate of 100 ml.min™>................. 143

Figure 6.12 Cyclic H, uptake isotherms of graphite (H,) + LiBH; measured at 350 °C as

FUNCLION Of Hy PrESSUIE .t e e e e e e e e e e e e e e areee e 145

Figure 7.1 Room temperature XRD patterns of (a) dried AC, (b) as-received LiBH4, (c) Non-PM
AC+LiBH; and (d) PM AC+LiBH,4. Reflections consistent with LiBH4 are indicated by the
dashed lines and black circles. The ICDD PDF2 database (2011) was used for phase

(Lo (=T a N A1 A Lor= 1 AT o ] TP TTT O TP TP 150

Figure 7.2 Room temperature Raman spectra of (a) dried AC, (b) as-received LiBH4, (c) Non-
PM AC+LiBH4 and (d) PM AC+LiBH,4. The D, G, and D’ bands are marked by the black
dashed lines. The [BH;]” bending and stretching modes of LiBH, are labelled along with

the origin of @ach VIBration .......cuuviiii i 152

Figure 7.3 N, adsorption and desorption isotherm of dried AC at -195 °C.......ccccceevvvivreeennn. 153

Figure 7.4 BET Analysis for dried AC calculated from Figure 7.3, the fit parameters are shown

in the bottom right corner of the graph.........cooviiiiiiiiii e, 153

Figure 7.5 DSC-TGA-MS profile of Non-PM AC+LiBH4 heated to 500 °C at 5 °C.min" under 3

bar Ar with a flow rate 0f 100 MLMIN T oo e ee e es e, 155

Figure 7.6 DSC-TGA-MS profile of PM AC+LiBH4 heated to 500 °C at 5 °C.min™" under 3 bar Ar

With a fIOW rate 0f 100 ML MIN T .o e e e er e e es e e e s ee e eeseeesee e 156



Figure 7.7 In situ XRD of PM AC+ LiBH4 heated to 400 °C at 2 °C.min-1 under 3 bar He,
intensity is indicated by a spectrum of colours where red indicates high intensity and
blue indicates low intensity. Reflections from the Al203 sample holder are marked with

black circles. The ICDD PDF2 database (2011) was used for phase identification ........ 160

Figure 7.8 Room temperature XRD patterns of (a) PM AC+LiBH,, (b) dehydrided PM AC+LiBH,4
and (c) rehydrided PM AC+LiBH,4. Reflections consistent with LiBH,4, LiH and LizBOs are
indicated by black circles, hollow purple squares and black triangles respectively. The

ICDD PDF2 database (2011) was used for phase identification ...........cccccovveeieecnnnee.n. 162

Figure 7.9 Room temperature Raman spectra of (a) PM AC+LiBH4, (b) dehydrided PM
AC+LiBH; and (c) rehydrided PM AC+LiBH4. The D, G, and D’ bands are marked by the
black dashed lines. The [BH,]” bending and stretching modes of LiBH, are labelled along

with the origin of each Vibration ... 163

Figure 7.10 DSC-TGA-MS profile of rehydrided PM AC+LiBH4 heated to 500 °C at 5 °C.min™"

under 3 bar Ar flowing at 100 MLMIN™ .....oiuiviiiiieeeeeeeee e, 164

Figure 7.11 Cyclic H, uptake isotherms of PM AC+LiBH,; measured at 350 °C as a function of

H, pressure and uptake, the final H, uptake after each cycle is displayed ................... 166

Figure 8.1 Room temperature XRD patterns of (a) ZTC, (b) As-received LiBH,4, (c) non-PM
ZTC+LiBH4 and (d) PM ZTC+LiBH,. Peak identities are indicated by dashed lines and
markers; black circles signify reflections from o-LiBH; and the black square a reflection

from the ZTC. The ICDD PDF2 database (2011) was used for phase identification....... 170



Figure 8.2 Room temperature Raman Spectra of (a) ZTC, (b) LiBH4, (c) Non-PM ZTC+LiBH,4 and
(d) PM ZTC+LiBH4. The D, G, D’, G’ and D+G bands are marked by the black dashed lines.
The [BH4]” bending and stretching modes of LiBH, are labelled along with the origin of

LT ol a1 oY =1 {To ] s PO PP UOPR TP 172

Figure 8.3 N, adsorption isotherm (-195 °C) of dried ZTC.......cccveeeeeeeciiieeeeeecreee e, 173

Figure 8.4 BET analysis of the ZTC N, adsorption isotherm shown in Figure 8.3, fit parameters

are shown in the bottom right corner of the graph .......ccccoecviiiiiinii e, 173

Figure 8.5 DSC-TGA-MS profile of Non-PM ZTC+LiBH,4 heated to 500 °C at 5 °C.min" under 3

bar Ar with a flow rate of 100 MLMIN T o.eeeeeeee e ee e, 175

Figure 8.6 DSC-TGA-MS profile of PM ZTC+LiBH,4 heated to 500 °C under 3 bar Ar with a flow

FAte OF 100 ML IN oot ee e e e e e es e e e e s et ees e e es e s e ees et e eseasesesereesenens 176

Figure 8.7 Room temperature XRD patterns of (a) PM ZTC+LiBH4, (b) dehydrided PM
ZTC+LiBH4 and (c) rehydrided PM ZTC+LiBH,4. The location of reflections from LizBOs are
indicated by the dotted lines labelled with clear circles containing a cross. The ICDD

PDF2 database (2011) was used for phase identification .........cccccveeiieciiieeeieeccneene.n. 178

Figure 8.8 Room temperature Raman spectra of (a) PM ZTC+LiBH,4, (b) dehydrided PM

ZTC+LiBH4 and (c) rehydrided ZTCHLIBH  ..ceeeeeeciiieee et 179

Figure 8.9 DSC-TGA-MS profile of rehydrided PM ZTC+LiBH, heated to 500 °C at 5 °C.min™"

under 3 bar Ar with a flow rate of 100 MLMIN " e.eeeeeeeee oo, 180



Figure 8.10 Cyclic H, uptake isotherms of PM ZTC+LiBH,; measured at 350 °C as a function of

H, pressure and uptake, the final H, uptake after each cycle is displayed ................... 181

Figure 9.1 Room temperature XRD patterns of (a) as-received PS and (b) Sigma Aldrich silicon
nano powder comparison. The corresponding reflections from Si planes are indicated by

the solid grey lines. The ICDD PDF2 database (2011) was used for phase identification

Figure 9.2 Room temperature Raman spectra of (a) as-received PS, (b) Sigma Aldrich silicon
nano-powder comparison and (c) single crystal Si calibration standard measured under
100 ml.min™® flowing Ar. SiH, bending and stretch modes are indicated by the
corresponding coloured bands, the 2TA, TO and 2TO Raman modes of crystalline Si are

identified by the black dotted lines and corresponding labels .........ccccoovivieiinniinnen.n. 191

Figure 9.3 SEM image of the a) an edge of a PS wafer with showing pore orientation in the

(001) plane, b) the surface of a PS wafer showing open pores........ccccoecuveeevcveeerineenns 192

Figure 9.4 N, Adsorption isotherms (-195 °C) of (a) as-received PS and (b) PS pre-heated to
400 °C for 30 min under vacuum (10°® mbar) and then cooled to -195 °C to remove H,

Y] = Lol TP UOP RO 193

Figure 9.5 BET analysis of the as-received PS N, adsorption isotherm shown in Figure 9.4a,

the fit parameters are shown in the bottom right corner of the graph.......ccccccceeenn. 194

Figure 9.6 3-dimensional graph of in-situ Raman spectroscopy measurements on as-received

PS heated to 500 °C at 2 °C.min™ under 100 ml.min™ flowing Ar. Intensity is indicated by



colour chart, with dark blue being low intensity and red representing regions of high

(LN =T R YL PO P PP PPPPPRRRT 197

Figure 9.7 In-situ Raman spectroscopy measurements of PS heated to 400 °C at 2 °C.min™
under 100 ml.min™ flowing Ar, intensity is indicated by colour. Black indicates areas of

low intensity and bright aqua indicates areas of high intensity.......ccccccccciiiiiniinnii, 197

Figure 9.8 BET analysis of thermally decomposed PS N, adsorption isotherms shown in Figure

9.4b, the fit parameters are shown in the bottom right corner of the graph............... 198

Figure 9.9 DSC-TGA-MS profile of as-received PS to 850 °C at 5 °C.min"" under 3 bar Ar and a

FlOW Fate OF 200 ML oo et e e e s e e es e e es e e eses e es e e esee e 199

Figure 9.10 Lattice Parameter of cubic silicon in As-received PS, Non PM-PS+LiBH,; and PM-

PS+LiBH4 calculated by pseudo Reitveld refinement ........ccccceeevvciiiiieiiniiiieeecccieee, 201

Figure 9.11 Room temperature XRD patterns of (a) as-received PS, (b) as-received LiBHg, (c)
Hand-mixed PS+LiBH; and (d) PM-PS+LiBH4. Reflections from LiBH; and Silicon are
indicated by the dotted lines and black circles and triangles respectively. The ICDD PDF2

database (2011) was used for phase identification ..........ccccoieeeiiiiiiiiee e, 202

Figure 9.12 Room temperature Raman spectra of (a) as-received PS, (b) as-received LiBH,, (c)
Hand-mixed PS+LiBH, and (d) PM-PS+LiBH. under 100 ml.min™* flowing Ar. SiH, Peak
origins are labelled accordingly. Measurements were carried out under an excitation

WaVvelength Of 488 NM.......uiiiiiiee e e e e e 204

Figure 9.13 DSC-TGA-MS profile of Hand-mixed PS+LiBH; heated to 500 °C at 5 °C.min*

under 3 bar Ar and a flow rate of 100 MEMIN " ee.eoeeeeeee oo, 206



Figure 9.14 DSC-TGA-MS profile of PM-PS+LiBH, heated to 500 °C at 5 °C.min™" under 3 bar

Ar and a flow rate of 100 MIMINT™ ..o e e e e e es e e es e 209

Figure 9.15 In-situ XRD of PM-PS+LiBH4 heated to 400 °C at 2 °C.min"* under 3 bar He with a
flow rate of 100 ml.min™. Black circles and black triangles indicate the location of
reflections from the AIO, sample holder and cubic Si respectively. The ICDD PDF2

database (2011) was used for phase identification ...........ccccoeeeeiieiiiiiee e, 211

Figure 9.16 Room temperature XRD patterns of a) PM-PS+LiBH, b) dehydrided PM-PS+LiBH,4
and c) rehydrided PM-PS+LiBH,4. Reflections consistent with o-LiBH4 and cubic Si are

indicated by the black circles and triangles, respectively. .....ccccocvveiiiiniiieeneiinniieennnn. 213

Figure 9.17 Lattice Parameter of cubic silicon in PM-PS+LiBH,4, dehydrided PM-PS+LiBH, and

rehydrided PM-PS+LiBH4, calculated by pseudo Reitveld refinement ........ccccccuvneeeen. 213

Figure 9.18 Room temperature Raman spectra of a) PM-PS+LiBH; b) dehydrided PM-
PS+LiBH4 and c) rehydrided PM-PS+LiBH4. The 2TA, TO and 2TO modes of Silicon are

indicated by the dotted lINES. .....cooiiiiiii e 214

Figure 9.19 DSC-TGA-MS profile of rehydrided PM-PS+LiBH, heated to 500 °C at 5 °C.min*

under 3 bar Ar and a flow rate of 100 MEMIN " ee.eoee e, 215

Figure 9.20 Cyclic H, uptake isotherms of PM-PS+LiBH; measured at 350 °C as a function of

H, pressure and uptake, the final H, uptake after each cycle is displayed ................... 216

Figure 10.1 DSC profile of each sample heated to 500 °C at 5 °C.min™ under 3 bar Ar and a

flow rate of 100 ml.min™ for easy COMPATISON ........c.c.vveveeueeeeeeeseeeeeeeeseeseeseseseesenan 225



Figure 10.2 H, onset temperature (blue triangles) and peak H, desorption temperatures (red
squares) as a function of the BET surface area for each sample; a) graphite (Ar) + LiBH,,
b) graphite (H,) + LiBH4, c) activated carbon + LiBH,, d) zeolite templated carbon + LiBH,4

and €) POrous SIlICON + LIBH ...cccuveeieieieeeieee et ettt etre e et e e tre e e e nree e eareeeennee s 229



Introduction

1 Introduction

1.1 Current Energy Situation

In the past 12 years the world’s population has grown by one billion and is predicted to
reach 9.7 billion by 2050 and 11.2 billion by 2100 (UN, 2015), requiring more energy than
ever before. In July 2013, the United States Energy Information Administration (EIA)
projected that the global energy demand would increase by 56% between 2010 and 2040

(EIA, 2013).

Currently, nearly 80 % of global energy consumed is produced from fossil fuels (coal, oil and

natural gas), with only 19 % being generated from renewable sources, as shown in

Figure 1.1, (REN21, 2011). However, rapidly depleting fossil fuels reserves will lead to a
supply short fall. Estimates on reserve sizes vary, but it is believed that oil and gas will be the
first to run out after 40 and 60 years respectively, followed finally by coal in 120 years

(Nersesian, 2015).

The combustion of fossil fuels for energy conversion (into energy we can use, such as
electricity or mechanical in an engine) leads to the release of large quantities of carbon
dioxide (CO,) and other harmful greenhouse gases into the atmosphere. Energy and

transport sectors are responsible for one third of global CO, emissions (IPPC, 2007).

Although fossil fuels do form naturally, they are not considered renewable due to their long

formation periods over millions of years. Consequently, finding a sustainable, efficient and
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economically viable energy conversion mechanism is vital to overcoming the issues of

increasing energy demand, dwindling fuel stocks and large CO, emissions that face us today.

Figure 1.1 Breakdown of Global Energy Consumption 2012 (REN21, 2011)

Renewable energy sources such as wind turbines and solar photovoltaic cells offer a solution
to the energy production crisis, reducing/removing the need for fossil fuels and reducing CO,
emissions. These renewable energy sources are able to produce electricity with a relatively
small carbon footprint (associated with the initial production and installation of the
infrastructure), however, their greatest limiting factor is the varying and uncontrollable
levels of wind and sunlight. Consequently, a mismatch between real-time energy demand

and production is created.
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To combat this, the renewable energy generated during periods of low demand must be
stored and utilised to fill the void when production cannot meet demand. The excess energy
during periods of low demand can be used to produce hydrogen from electrolysis that may
later be converted back to energy in a fuel cell or by combustion. Hydrogen can therefore be
considered as a possible energy vector to replace traditional fossil fuels as an energy storage

mechanism for use in both the grid-scale and transport sectors.

The use of renewable energy technology can also increase a nation’s political energy
security. Hydrogen generation within the host country removes a nation’s dependence on
the importation of fossil fuels. This eradicates the risk of a country’s energy supply being
affected by political or military instability in the supply nation, as well as limiting the effect of

high price increases due to instability in the global economy.

1.2 What makes hydrogen a viable energy vector?

Hydrogen is the most abundant element in the universe, existing on earth mainly as water
(H,0) covering an impressive 70% of the planet’s surface. Since H, molecules have the
highest energy per unit mass of any known compound, hydrogen contains almost three
times as much as energy per unit mass compared to petrol (142 MJkg™ and 47 Mikg™,

respectively) (Schlapbach and Zittel, 2001).
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Hydrogen can be easily produced via electrolysis of water and combusted to form water and
heat closing the cycle allowing hydrogen to truly be referred to as a clean fuel. Equation 1.1

shows the chemical equation for the combustion of hydrogen.

2H, + O, = 2H,0 (AH = -484 kimol™) (1.1)

Although gravimetrically hydrogen’s energy capacity is remarkable, volumetrically it is rather
poor with an energy per unit volume far less than that of gasoline when stored at standard
pressures and temperatures (11.8 MJm™ and 34,800 MJm™ respectively (Dunlap, 2013)). As a
result, finding a cheap and efficient storage mechanism for hydrogen is critical to allowing
the introduction of a renewable and sustainable hydrogen economy. The potential of a
hydrogen storage mechanism will vary depending upon its intended use. For transport
applications, the potential of a storage mechanism will be directly affected by its weight and
volume limitations, whereas grid-scale storage mechanisms do not face the same limitations.

This thesis will focus on hydrogen storage mechanisms for vehicular applications.

1.3 Hydrogen Production

For hydrogen to succeed as an energy vector, it must be produced sustainably. Currently 90
% of global hydrogen produced (Dolan, 2010), is generated via steam methane reforming

(SMR), which although cheap and efficient uses unsustainable natural gas as the basis of the
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reaction pathway. In this section, the current technique of steam methane reforming will be

discussed and alternate cleaner production methods discussed.

1.3.1 Steam Methane Reforming

Steam methane reforming (or steam reforming of natural gas) has been used for decades to
produce hydrogen for the refining of petroleum and for ammonia production; hence, it has
become increasingly efficient (60-75 %) and cost-effective (Holladay et al., 2009). The
technique involves heating the natural gas up to temperatures of 700 — 900 °C and reacting
it with steam in the presence of a catalyst, often made of Nickel or Iron. The endothermic

reaction produces carbon monoxide (CO) and Hydrogen, as shown in equation 1.2.

CH; + H,O0 = CO + 3H, (700-900 °C) (1.2)

The CO produced in the first step can then be reacted with steam at lower temperatures
(250 — 450 °C) to produce hydrogen and carbon dioxide. This step is known as the water-gas

shift and is shown in equation 1.3.

CO+H,0~> CO,+H, (250-450 °C) (1.3)

The gas is then purified using a technique called pressure swing absorption (PSA). At
elevated pressures, impurities are adsorbed into adsorbent beds, which then release the
impurities at lower pressure. As the hydrogen is not absorbed in the process, purity levels of

up to 99.99 % can be achieved. Other less common purification techniques used are
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cryogenic distillation and membrane separation, yielding purities of up to 95 % and 99.99 %,

respectively (Adhikari and Fernando, 2006).

SMR relies heavily on the availability of natural gas, and even with the recent discovery of

shale gas, is not a sustainable way to produce hydrogen.

1.3.2 Electrolysis

Electrolysis of water (H,0) results in the production of pure oxygen and hydrogen, however,
currently electrolysis only accounts for 4 % of global hydrogen production (Kothari et al.,

2008).

The reaction (Equation 1.6) is endothermic requiring the process to be electrically or

thermally driven, a schematic diagram can be seen in

Figure 1.2, the corresponding reactions that occur at the cathode and anode are shown in
Equations 1.4 and 1.5 respectively. In order to the process a zero CO, hydrogen production

technique, the reaction may be driven by renewable energy sources, such as wind or solar.

Cathode: H,0 > H" + OH (1.4)
Anode: 40H > 0, + 2H,0 + 4¢e (1.5)
Complete Reaction: 2H,0 - O, + 2H, (AH = -586 kimol™) (1.6)
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Figure 1.2 Schematic diagram showing the electrolysis of water (NMSEA, 2015)

Since hydrogen and oxygen gas are the only reaction products, the levels of purification
required are much less than for SMR; dehumidification is required to remove any trace
water from the gas stream. The overall efficiency of the process is comparable to SMR, with
low temperature electrolysers achieving efficiencies of 56-73 % (Holladay et al., 2009).
Providing solutions to SMR’s greatest drawbacks, electrolysis presents itself as an ideal

candidate for future hydrogen production.

1.3.3 Thermal Splitting of water

Thermal splitting of water is an energy intensive method in which water is physically split

into hydrogen and oxygen requiring temperatures of greater than 2000 °C which are not
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considered practical in current commercial conditions (Speight, 2011). Consequently,
research efforts have been focused on reducing the temperatures required through the
introduction of thermochemical cycles. Thermochemical splitting of water is defined as “the
conversion of water into hydrogen and oxygen by a series of thermally driven reactions” (IEA,
2006). Thermochemical cycles are able to produce hydrogen within the temperature ranges
associated with nuclear reactors (Speight, 2011), allowing greater efficiencies to be
achieved. However, this would require extreme safety and inspection procedures to monitor

degradation of the nuclear reactor.

1.3.4 Biohydrogen

Biohydrogen is defined as hydrogen generated via biological machinery or thermochemical
treatment of biomass (Mohan and Pandey, 2013), a breakdown of the associated production
techniques is shown in Figure 1.3. Biomass, defined as renewable organic materials such as
food waste, wood or crops, can be thermochemically treated to produce hydrogen through a
process similar to SMR. The biomass feedstock is first subject to gasification of pyrolysis in
the absence of oxygen converting the biomass into a combustible gas, referred to as syngas
(a mixture of carbon monoxide and hydrogen). The syngas is then reformed via the same
processes associated with SMR, the water-gas shift followed by purification via PSA
producing high purity hydrogen Gas. Although the process is efficient (52 % (Balat, 2010))
and can be considered a closed CO; cycle, the growth of crops for fuel will present moral

issues in 3 world countries where alleviating hunger may be considered a higher priority.
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Figure 1.3 Schematic diagram showing a breakdown of the hydrogen production techniques associated with
biohydrogen (Mohan and Pandey, 2013)

The production of hydrogen via biological processes (Figure 1.3) is another alternative in
which hydrogen is produced as a by-product of various microbial-driven bio-chemical
reactions. The various biological production techniques can be broken down into two
categories: light dependant photosynthetic reactions and dark (light independent)
fermentation reactions. As suggested by the name, light dependant photosynthetic reactions
are driven by sunlight, whereas dark fermentation is an anaerobic process in the absence of
oxygen. Other biological hydrogen production techniques include enzymatic and microbial

electrolysis, further information can be found in (Mohan and Pandey, 2013).
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1.4 Hydrogen as a fuel

Similar to petrol and liquefied petroleum gas (LPG), hydrogen can be used in an internal
combustion engine (ICE) to produce energy (kinetic and thermal), however, hydrogen can
also be used chemically in a fuel cell to produce electricity (and heat) cleanly which can be
used to power a motor or charge a battery. The eradication of CO, emissions upon
consumption of hydrogen, coupled with the benefits mentioned in Section 1.2, renders

hydrogen one of the most promising future energy carriers.

1.4.1 Internal Combustion

The conversion technology of conventional hydrocarbon ICE’s to hydrogen is readily
available and offers many benefits over its fossil fuelled counterpart. The combustion of
hydrogen leaves no carbon residues or sediments as created in conventional engines, thus
the engine requires less maintenance and a longer potential life. As with combustion of
hydrocarbons in air, the combustion of hydrogen in air also results in the production of
nitrogen oxides (NO,) (Speight, 2011) responsible for smog and acid rain. As a consequence,
although traditional hydrocarbon ICEs can be converted easily to run on the hydrogen,
greatly reducing the quantity of harmful emission produced, they are seen as more of an

intermediate step between traditional fossil fuel engines and fuel cells.

10
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1.4.2 Fuel Cells

A fuel cell may be described as an electrochemical energy conversion system. Chemical
reactions occurring at the anode and cathode give rise to an electric current across the two;
this current may be used immediately or stored for later use. The principal is much the same
as a traditional battery that converts chemical energy to electricity until all the original
chemicals have reacted. At this point the battery is either recharged or disposed of. In
contrast, a fuel cell does not store the chemicals within, the reactants (hydrogen and

oxygen) are instead flowed over either side of the cell.

The proton exchange membrane (PEM) fuel cell shows the greatest promise for an on-board

vehicular fuel cell, where weight, temperature and start up time are all critically important.

The chemical reaction taking place in a PEM fuel cell is the inverse of electrolysis (Equation
1.6) and is demonstrated in Figure 1.4. Air/oxygen and hydrogen are flowed over the
cathode and anode respectively. Hydrogen molecules are dissociated at the anode and split
into protons and electrons. The electrolyte/membrane separating the electrodes allow the
flow of proton across the physical barrier, whilst the electrons flow through an external
circuit generating a current. Once the protons and electrons arrive at the cathode they
combine with the O, to finish the reaction producing water and heat. Efficiencies as high as
80% are possible, however, in practice only 60% is achieved due to heat loss (Speight, 2011).
Compared to conventional ICE efficiencies (35%) (Fronasiero and Graziani, 2011), PEM fuel
cells are almost twice as efficient which means a H,-ICE vehicle requires double the quantity

of H, to achieve the same range as its PEM-FC - electric motor equivalent.
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Figure 1.4 Schematic diagram of a PEM fuel cell (Speight, 2011)

The low operating temperature of PEM fuel cells of between (80 °C - 100 °C) (Busby, 2005)
allow for quick start up times and remove the need for complex engineering and safety
restraints associated with high temperatures (Busby, 2005). In vehicular applications the
weight of the fuel cell system is critical in ensuring both the driving experience and range are
comparable to current expected standards, the light weight of PEM fuel cells (e.g. Toyota

Mirai fuel cell stack = 56 kg) further boost their potential as a viable alternative to ICEs.

1.5 A Brief comparison of Battery and Fuel Cell powered cars

Batteries and fuel cells convert chemical energy into electrical energy that can be used to
power any electrical device such as a motor in a car. Their difference lies in the way their fuel

stock is stored, a battery contains the chemical reactants internally, and once all the
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chemical energy has been converted, the battery must be recharged. On the other hand, the
chemical reactants for a fuel cell (hydrogen and air/oxygen) are stored externally from the

cell.

Battery electric vehicles (BEVs) or Battery electric hybrid vehicles (BEHV)s have been seen as
possible replacements to convention ICE vehicles (Lebeau et al., 2012) with models such as
the Toyota Prius, Nissan Leaf and Chevrolet Volt being particularly successful . Their greatest
draw back lies in the weight of the energy storage system, lithium ion batteries which
although have an energy density four times greater than traditional lead acid batteries
(Khaligh, 2010), are still very large and heavy and consequently greatly limit the driving
range and performance capabilities that can be achieved. Another major drawback of
lithium ion batteries is their life time (1000 charge cycles (Chalk and Miller, 2006)) requiring
batteries to be replaced every three years. In situations that do not require considerable
commutes, such as city driving, BEVs and BEHVs provide viable zero/low CO, emission

options.

Figure 1.5 shows the relative volume and weight for different energy storage systems
capable of providing a car with enough energy to travel 500 km. The current benchmark set
by a diesel system can be seen to be very impressive with a system weight and volume of
43 kg and 46 L respectively. Comparatively, the volumetric and gravimetric energy storage
density of lithium ion batteries is much poorer in comparison to a diesel system, with a total

system weight almost twenty times greater.
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Figure 1.5 Schematic diagram showing relative fuel tank volumes and weights for different storage materials
for a vehicle with a 500km range. CNG = compressed natural gas, CGH, = compressed gaseous hydrogen
(Brinkman et al., 2012)

On the contrary, a fuel cell electric vehicle (FEV) fed by a 700 bar compressed hydrogen
storage tank shows greater promise with system weight and volume of 125 kg and 260 L
respectively. The Toyota Mirai is one of the latest hydrogen vehicles to go to mass market
and boasts an impressive 300 mile range with a two tank system capable of storing 5.7 wt%
H, with a refuel time of 5 minutes. The Toyota Mirai is the first FEV to offer a comparable
driving experience to ICE vehicles, however, the H, is stored at 700 bar which presents

inherent engineering and safety challenges.

Since the technology for both hydrogen production and conversion to energy are both well
established, the key to unlocking hydrogen’s full potential as the energy vector of the future,

is finding a safe low-pressure storage system with a range comparable to traditional

14



Introduction

hydrocarbon vehicles. This work focuses on solid-state storage of hydrogen inside of

complex hydrides.

1.6 Properties of an Ideal Storage Material

The United States Department of Energy (DoE) has set out a series of targets for a storage
system on light-duty vehicles capable of storing a total of 5 kg of hydrogen, giving a vehicle
range of over 300 miles comparable to that achieved by current ICE vehicles. Table 1.1
shows a list of current and previous revised targets set by the DoE; the ‘Ultimate Full Fleet’
refers to targets suitable not just for small compact cars, but a range of vehicle types

including sport utility vehicles (SUVs).

The 2015 and ultimate full fleet targets also include a cyclic lifetime of 1500 cycles, with the

storage capacities of the system still able to meet the targets after the last cycle.

Table 1.1 US DoE targets for a hydrogen storage system for applications on light-duty vehicles (DoE, 2015)

Target 2010 2015 (New) 2015 (old)  Ultimate Full Fleet
Gravimetric H, Density (wt%) 4.5 5.5 9 7.5
Volumetric H, Density (gL™) 28 40 81 70
Refill Time (kgmin™) 4.2 3.3 2.5 2.5
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From these targets it is possible to outline the key properties of an ideal hydrogen storage
medium, which will:

* Be capable of storing >7.5 wt% H,, since this target includes the weight of the entire
system (tank, cooling, valves, regulators, etc..)

* Release hydrogen at low-moderate temperatures achievable on-board vehicles

* Absorb hydrogen with fast kinetics at moderate pressures and temperatures

* Be stable over 1000s of cycle with no short term degradation or loss in storage
hydrogen capacity

* Release high purity hydrogen, with no/minimal release of impurity gases such as
Diborane (B,Hg) which can be poisonous to the catalysts in fuel cells (Kostka et al.,
2007))

e Be cheap, abundant and cost effective to manufacture
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2 Literature Review

2.1 The Hydrogen Storage Problem

The DoE targets (see Section 1.6) for hydrogen storage on light-duty vehicles require the
storage of 5 kg of hydrogen to achieve a driving range of 500 km (DoE, 2015). Under
standard temperature and pressure (STP) conditions 1 kg of gaseous hydrogen has a density
of 0.089866 kgm™ occupying a volume of 11 m? (Zuttel, 2011); a 55 m?® tank would be
required to store the required quantity of fuel. To decrease the required tank volume the
hydrogen density must be increased. This may be achieved through a number of techniques
that will be discussed in this literature review: compressed gas, cryogenic storage,

physisorption and chemisorption.

2.2 Traditional Hydrogen Storage Techniques

2.2.1 Compressed Gaseous Hydrogen

Gas compression technology is well established and as such the most common storage
method for hydrogen has been as a pressurised gas (up to 200 bar) in high pressure cylinders
(Zuttel, 2011). To store enough hydrogen for a vehicle range of 400 km, five 200 bar
hydrogen bottles would be required which although may be practical for larger vehicles such

as buses, is not an option for light duty vehicles.
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High pressure light weight composite tanks have been developed capable of storing
hydrogen gas under pressures of up to an impressive 800 bar with a volumetric storage
density of 36 kgm'3 (zattel, 2003). These tanks are made from three layers, an inner
corrosive resistant liner, a reinforced carbon fibre shell and a reinforced protective shell with
impact resistant domes covering the top and bottom, a schematic diagram is shown in Figure

2.1 (IEA, 2006).

Health and safety standards for vehicles are always under assessment and development,
however, until human error can be removed from the equation collisions and accidents will
continue to occur. The storage of gas under high pressures (700 bar) can pose both
significant safety risks if the tank integrity is compromised and difficult engineering issues
when incorporating a cylindrical tank into a light duty vehicle, although has been shown to

be a possible by Toyota (Toyota Mirai).

When storing hydrogen as a gas it is also vital to account for hydrogen embrittlement; the
“loss of ductility of a metal resulting from the absorption of hydrogen” (Davis, 2001).
Hydrogen embrittlement of steel tanks may lead to the development of faults and cracks,
causing the tank to fail. Lightweight composite tanks contain hydrogen impermeable

membranes to limit the effect of hydrogen embrittlement, as shown in Figure 2.1.

The low volumetric storage density and customer perceived safety concerns of sitting on top

of a 700 bar tank of hydrogen present significant drawbacks to this storage method.
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Figure 2.1 Schematic diagram of a high pressure light weight composite hydrogen storage tank (IEA, 2006)

2.2.2 Liquefaction of Hydrogen- Cryogenic Storage

Condensation of a gas into liquid is an effective way to increase the density of gas per unit
volume. Liquid hydrogen has a density of 70.8 kgm™ and must be stored at -253 °C under
atmospheric pressure due to the low critical temperature of hydrogen (-241 °C), above
which hydrogen exists in gas form (Schlapbach and Zittel, 2001). A consequence of this low
critical temperature is that cryogenic storage vessels must exist as open systems to avoid
large build-ups of hydrogen gas, pressures of up to 10* bar are possible (Ziittel, 2003). As a
result any heat transfer into the vessel results in boil-off of the liquid hydrogen. The surface
area to volume ratio is therefore a critical factor in the rate of boil off that is experienced by
a storage vessel. Spherical storage vessels offer the lowest surface area to volume ratio but
are expensive to manufacture and not easily incorporated into current vehicle designs.
Double walled vacuum insulated spherical storage vessels experience boil of losses of 0.4%,

0.2% and 0.06% per day for 50 m?, 100 m* and 20,000 m® respectively (Ziittel, 2011).
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The liquefaction of hydrogen is a very energy intensive process requiring up to 40% of the

total energy of the hydrogen being storage.

The combination of continuous boil off and the large amount of energy required for
liquefaction limit the possible applications for cryogenic storage of hydrogen. Instances
where hydrogen is used quickly and process cost is less of an issue (e.g. space), cryogenic
storage offers a suitable storage technology, however for light duty vehicles these issues are

too significant and thus it cannot be considered a suitable storage technique.

2.2.3 Hydrolysis

Hydrolysis is defined as a “reaction of the substance with water to liberate hydrogen”
(Fakiolu, 2004). Large quantities of hydrogen can be released through hydrolysis however
stable compounds are often formed during the reaction. The formation of these compounds
render reversible hydrolysis systems extremely complex, consequently, hydrolysis can only
be considered for specific situations requiring rapid release of in a ‘one-shot desorption’.

Such applications may include military or space operations.
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2.3 Solid State Hydrogen Storage

A vast array of different storage materials have been investigated and developed over many

years. As discussed in Section 1.6 the ideal storage material has a high volumetric and

gravimetric hydrogen storage density and is subsequently located in the top right hand

corner of Figure 2.2 showing volumetric and gravimetric storage densities for a variety of

hydrogen storage materials (Parker, 2010). From Figure 2.2 the potential of solid-state

hydrogen storage materials is clear. Their higher gravimetric and volumetric hydrogen

capacities are far superior compared to the traditional methods of cryogenic storage (the

blue horizontal line at 71 kg H, m™) and pressurised gaseous storage (the two purple lines

located towards the bottom left).

150 Density: 5gcm 2gcm? 1gem3 0.7gcm?3
Al(BH,);
BaReH, no . &€ Hoss i
m.p.
140  <373K.1bar t:og.lffgf
" ?
LaNigHg NaBH, 5
& 120 4300k, 2 bar MgH dec. 680 K _ A LiBH, ifa.
ghz lig. dec. 553K CH, "
EN 5 FeTiH, 620K, 5 bar : CgHig Sa. L
= 300 K, 1.5 bar Jes} LiH
o0 > dec. 650 K .
= 100 B H, chemisorbed
z Mg,NiH, NaAlH, A A C.H. o lia: on carbon
e 550 K, 4 bar, oo L KBH, LiALH, b‘,‘p. 21;)2 K
3 80- dec.580K dec-400K H, e
203K
A
@ 60 ;
€ H, physisorbed
'63‘ g 200 on carbon
S 120
40 80
80 50
50 : Gas 2 Gas
20 - Pressurised H, Pressurised H,
20 (steel) o 13 (composite material)
3 piMPa p [MPa]
0 1 T ! 1
0 5 10 15 20 25

Gravimetric H, density [mass%]

Figure 2.2 Gravimetric vs. Volumetric hydrogen storage densities of a variety of hydrogen storage materials
and the temperate at which H, is released (Parker, 2010)

21



Literature Review

Solid-state hydrogen storage materials contain hydrogen in one of two states, physically
bound to the surface of a high surface area material as an adsorbate (physisorption), or
chemically bound to a compound (chemisorption). Both methods have their own inherent
advantages and drawbacks. Physisorption benefits from higher efficiencies alongside quick
adsorption/desorption times while chemisorption allows for higher concentrations of H, to

be stored but suffers from higher desorption temperatures (Lim et al., 2010).

2.3.1 Physisorption

Physisorption occurs when gas molecules interact with surface atoms of a material through
Van der Waals interactions. The Van der Waals forces occur between any gas molecule and
surface combination however due to the low energy nature of these interactions (4-
10 kimol™ of H,, (Walker, 2008)) low temperatures are required to achieve respectable
gravimetric storage densities; liquid nitrogen is often used to achieve temperatures of -

195 °C.

The lack of activation energy required for physisorption allows for rapid
adsorption/desorption of hydrogen and since physisorption is an interaction that occurs
between a surface and a gas molecule, it follows that the quantity of H, that may be

adsorbed is highly dependent upon the surface area of the material.

High surface area materials such as activated carbons, carbon nanotubes, Metal organic
frameworks (MOFs), Zeolites and Zeolite templated carbons (ZTCs) have all been subject to
extensive research due to their high surface areas and for the later three their highly

tuneable pore sizes.
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2.3.1.1 Carbons

Carbon allotropes have received a lot of interest in hydrogen adsorption due to their low

densities, availability of carbon, high porosities and large specific surface areas.

Activated carbon has a porous structure dependant up on the fabrication conditions used,
the pore size and distribution can vary as a result (Broom, 2011). Consequently there has
been a variety of different adsorption values published, the largest of which is 5.5 wt% H; at

-196 °C (Yiriim et al., 2009).

Dillon et al. (1997) were the first to study carbon nanotubes (CNTs) for hydrogen storage,
claiming storage capacities of up to 10 wt% H, possible at room temperature, however,

these results have never been successfully replicated by other research groups.

Broom, (2011) concluded that since calculated hydrogen capacities of CNTs were no greater
than values for activated carbon, CNTs did not offer any significant advantage over other

forms of carbon which can be synthesised much more viably in large quantities.

Carbon nanofibers constructed of layers of graphene stacked in various orientations have
also been considered for hydrogen storage. (Chambers et al., 1998) reported extremely high
hydrogen storage capacities of up to 67.55 wt% that have never been replicated. More
realistic values of between 4 wt% and 6.5 wt% under 121.6 bar H, were reported by

(Browning et al., 2002).
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2.3.1.2 Metal Organic Frameworks

MOFs are built up of inorganic building units connected by organic bridges that result in
highly ordered inorganic-organic hydrid solids with large surface areas and pore volumes
(Felderhoff et al., 2007). Rosi et al. (2003) were the first to investigate the potential of MOFs
for use in hydrogen storage reporting MOF-5 Zn4O(bdc), where bdc = 1,4-
benzenedicarboxylate (Broom, 2011)), to have a capacity of 4.5 wt% at -196 °C and 0.7 bar
H,, however, this was later reduced (Rowsell et al., 2004). One of the highest hydrogen
capacities reported is for MOF-177 in work by Wong-Foy et al. (2006) who reported a total

H, capacity of 7.5 wt% at -196 °C and 70 bar H,.

The low cryogenic temperatures required to store H, inside metal organic frameworks are
not suitable for light vehicle applications due to the highly energy intensive process required

to both achieve and maintain these temperatures on a per vehicle basis.

2.3.1.3 Zeolites

Traditional zeolites are highly ordered structures constructed of SiO4 and AlO,4 tetrahedral
units. However, the term is often also used to describe similar structures formed by other
elements called zeolites. There are 176 different possible reported crystallographic
structures (Baerlocher et al., 2007). The nature of their structure creates uniform cavities
and pores within the zeolite framework resulting in a rigid microporous material with large
pore volumes and high specific surface areas (Broom, 2011). Although at first glance zeolites

appear to have a lot of potential as hydrogen storage materials, their low hydrogen storage
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capacities (limited to 2.86 wt% by geometric constraints e.g. framework flexibility) render

them unfavourable options (Felderhoff et al., 2007).

2.3.1.4 Zeolite Templated Carbons

ZTCs are highly ordered porous carbon structures synthesised through the introduction of a
carbon precursor such as acetonitrile into a chosen zeolite material followed by
carbonisation and the removal of the zeolite framework (Yang et al., 2007a; Broom, 2011).
The synthesis process is shown in the schematic diagram in Figure 2.3. The resulting ZTC has
a large pore volume and surface areas of up to 4000 m”g™" (Nishihara et al., 2009) with a
highly defined pore size dependant upon the choice of host zeolite, such as 1.2 nm for a ZTC
synthesised from zeolite Y (Matsuoka et al., 2005). This defined pore size preserves the long-
range ordering in the (111) plane of zeolite Y of 1.4 nm, seen as a singular peak by X-Ray
diffraction at the corresponding 26 value of 6.2 ° (Paredes et al., 2005). ZTCs have been

shown to hold up to 7 wt% H; at -196 °C under 20 bar H; (Yang et al., 2007b).

The structure of ZTCs consists of a 3-dimensional network of Buckyball-like nanographenes
as shown in Figure 2.4. Figure 2.5 shows TEM images of commercial zeolite X and the
subsequent derived ZTC published by Musyoka et al.,, 2007. It was observed that the
structure of the ZTC showed similar morphological features as the parent zeolite X. The
aligned fringes visible in the bottom right image of Figure 2.5 was consistent with the
observed XRD reflection at 7° 26. The diffraction halo indicated the ZTC was amorphous by

nature.
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Figure 2.3 Schematic diagram of the synthesis of a zeolite templated carbon, (a) crystal structure of zeolite Y,
(b) illusion of zeolite/carbon composite and (c) framework structure of the final ZTC after washing (Nishihara
et al., 2009)

Figure 2.4 Two hypothetical ZTC structures fitted into a zeolite Y framework (a) and (b), where (c) and (d) are
the encased ZTC structures comprised of Cgg and Cgg building units respectively (Nishihara et al., 2009)
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Figure 2.5 TEM images of (b) Commercial Zeolite X and its ZTC derivative and (c) high and low resolution
images of the derived ZTC (Musyoka et al., 2007)
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2.3.2 Chemisorption (Metal Hydrides)

As previously mentioned, chemisorption is the process by which atomic hydrogen bonds to
the host metal forming a compound opposed to sitting as a molecule on its surface. For
chemisorption of hydrogen to take place H, molecules must first be physisorbed onto the
surface of the metal after which they must overcome an activation barrier allowing the
disassociation of the molecules into atomic hydrogen which then bonds to the surface of the
metal (ZUttel, 2003). At sufficiently high coverages, chemisorbed hydrogen atoms may then
form surface phases before being able to jump into the subsurface layer and diffusing
through the metal on interstitial sites eventually forming a hydride. This process is shown in

Figure 2.6.

A variety of simple and complex metal hydrides such as MgH,, NaAlH,; and LaNisHg have
been investigated as hydrogen storage materials (Lim et al., 2010). MgH, offers the greatest
gravimetric hydrogen capacity with a theoretical content of 7.6 wt% (Zaluska et al., 1999)
however slow absorption/desorption kinetics demand high temperatures for H, release.
Nano-sizing (see Section 2.7.4.2) of MgH; has been shown to be an effective way to reduce
the temperatures required by minimising diffusion distances within the sample (Huot et al.,

1999).

Other metal hydrides such as LaNisHs (located in the upper left corner of Figure 2.2) can
readily absorb and desorb hydrogen at room temperatures with fast diffusion rates,
however the their gravimetric performance of 1.37 wt% is too poor to be considered for on-

board vehicular storage (Schlapbach and Zittel, 2001). In applications in which weight is not
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considered an issue/drawback such as ballast in a canal boat (Bevan et al., 2011), such metal

hydrides have been shown to be viable options.

Figure 2.6 Schematic diagram of different hydrogen bonding states possible in hydrogen storage materials
(zittel and Borgschulte, 2007)

2.4 Carbon Based Storage Materials (Chemisorbed H:)

A stated in Section 2.3.1.1 (in which carbons used in the physical storage of hydrogen are

discussed) carbon allotropes have been subject to a lot interest due to their low densities
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and chemical inertness. This section provides a review on carbon allotropes used for the

chemical storage of hydrogen.

2.4.1 Characterisation of Graphite

2.4.1.1 Raman Spectroscopy

Raman Spectroscopy is an extremely effective way to characterise carbon materials. This
non-destructive characterisation technique (the theory behind Raman Spectroscopy is
discussed in Section 4.3.2.1) is sensitive to highly symmetric covalent bonds with little to no
natural dipole moment, properties possessed by C-C bonds found in carbon allotropes
(Hodkiewicz, 2010). Raman spectroscopy probes the vibrations of these C-C bonds

permitting any tiny structural changes to be detected.

Graphene consists of a sheet of carbon atoms (one atom thick) arranged in a hexagonal
honeycomb formation with each carbon atom in sp” configuration (Zhang, 2012). Graphene
sheets are the fundamental building blocks for all graphitic materials such as fullerenes,

single and multiwall carbon nanotubes and graphite.

In graphite, graphene sheets stacked on top of one another are held in place by weak Van
der Waals interactions allowing the planes to slide over one another with ease; the reason

behind graphite’s use as a lubricator (Shriver et al., 1994).
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The Raman Spectrum of graphene exhibits two peaks, the G band (graphite) located at
1582 cm™ and the G’ band located around 2700 cm™. Disordered (defective) graphite
exhibits two addition peaks, the D band (diamond) located near 1350 cm™ (close to half the
wavenumber of the G’ band) and the D’ band at 1620 cm™ (Malard et al., 2009). Peak
locations correspond to an excitation laser wavelength of 514 nm. Figure 2.7 shows the

Raman spectrum of a graphene edge and all subsequent Raman bands discussed above.

Figure 2.7 Raman Spectrum of a graphene edge showing the location of the D, G, D' and G' bands (514 nm
excitation laser wavelength) (Malard et al., 2009)

The G band is a result of the doubly degenerate (internal Transverse Optical (iTO) and
Longitudinal optical (LO)) phonon modes that exhibit E;; symmetry and is the only first order

Raman scattering process observed in graphene.

Contrary to the G band, both the G’ and D bands are a result of second order Raman
scattering processes. The D band is result of Raman scattering involving one iTO and one

defect (as seen in defective graphite) in the form of a sp> hybridised carbon atom. As a
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result, the greater the number of sp> hybridised carbon atoms the more defects within the

graphite.

The G’ band originates from two iTO phonons near the K point and produces photons at
frequencies close to twice the D band and is therefore sometimes referred to as the 2D
band. However the 2D/G’ band is permitted by Raman selection rules in defect free graphite

and thus calling it the 2D band is somewhat misleading.

The final band in defective graphite it the D’ peak and is a result of an intra-valley resonance
process. The origins of each band discussed above are shown in Figure 2.8 (Malard et al.,

2009).

Figure 2.8 Schematic diagram showing the different Raman scattering process for each possible graphitic
band. G band (left) is a first order process, D (middle top) is a inter-valley single phonon second order double
resonance process, D’ (middle bottom) is an intra-valley single phonon second order double resonance
process, G’ (right) two photon second order double and triple resonance processes (Malard et al., 2009)
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Ferrari et al. (2006) have shown that for Bernal AB stacked graphene, the characteristics of
the G’ peak can be interpreted to quantify the number of graphene layers present. The G’
band for graphene exhibits a single lorentzian peak below 2700 cm™. Stacking of additional
graphene layers causes both an up shift and a splitting of the G’ band, with highly order

pyrolytic graphite (HOPG) being described by two lorentzian peaks, as shown in Figure 2.9.

In the case turbostractic graphite (graphite in which each layer is in a random rotation along
the c-axis) a single G’ peak is observed similar to that of single layer graphene. This is a result
of the structure of the graphite in which the electronic structure is very similar to that of
graphene. Key differences are an upshift to above 2700 cm™ and broadening of the FWHM
from 24 cm™ to up to ~46-60 cm™ for turbostratic graphite (Malard et al., 2009; Cangado et
al., 2002, 2008). The ratio of the intensities of the G’ to G peak is also much larger for mono

layer graphene that that of turbostratic graphite (Malard et al., 2009).
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Figure 2.9 G' Raman band of (a) 1, (b) 2, (c) 3, (d) 4 and (e) highly order pyrolytic graphite (measured using a
514 nm excitation wavelength) (Malard et al., 2009)

2.4.1.2 X-Ray Diffraction

X-ray diffraction (XRD) is a non-destructive method of characterising crystalline graphite,
however since XRD relies on long-range order within the sample and regular crystal
structure, diffraction patterns for carbon materials that lack these properties such as
graphene, amorphous or nano-crystalline graphite cannot offer much insight into their

microstructures (the theory behind XRD is discussed in Section 4.3.1.1). Since not all parts of
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a sample may be amorphous, XRD patterns can complement Raman spectra and help build

an understanding of the microstructure of the sample.

2.4.1.3 Calculation of Crystallite size from Raman Spectroscopy

Tuinstra and Koenig (1970) demonstrated that the ratio of the D and G bands in graphite was
inversely proportional to the average crystallite size (L) for graphite measured with a
514 nm excitation wavelength. Knight and White (1989) later derived a formula to calculate

the crystallite size based on the ratio of intensity of the D and G bands.

However, Mernagh et al. (1984) were able to show that the intensity of the G and D bands
relied heavily on the wavelength of the excitation laser, resulting in Knight and Whites’

formula only being valid of samples studied using 514 nm excitation lasers.

A generalised formula was produced by Cancado et al. (2006) which incorporated the
wavelength of the laser used allowing the calculation of L, for a minimum of the 5 excitation
wavelengths used in the study (647 nm, 568 nm, 514.5 nm, 488nm and 457.9 nm). This
generalised formula calculates the constant as 13.5 nm for a 488 nm laser which is almost 3

times greater than the value calculated for a 514 nm equivalent (4.4 nm).

-1
L, (nm)= % (i—z) E| = excitation laser energy in eV (2.1)

It should also be noted that in the general formula proposed by Cancado et al., Ip and Ig are
the integral intensities (peak area) of the D and G bands opposed to the peak intensities for

the relationship proposed by Knight and White.

35



Literature Review

2.4.1.4 Calculation of Crystallite size from X-Ray Diffraction

In 1948 Paul Scherrer developed an equation to calculate the average crystallite size (L)
perpendicular to a chosen plane (hkl) within nano-crystalline materials by measuring the
diffraction angle and full width half maximum (FWHM) of the corresponding hkl reflections,
shown in Equation (2.2); K=shape factor, A = X-ray wavelength in nm, B = FWHM and
0 = diffraction (Bragg) angle. When calculating the crystallise size, it is necessary to account

for intrinsic broadening of the measurement, as such, B = Bobserved — Bintrinsic-

KA

LC - pcos6

(2.2)

Some important factors must be considered when using the Scherrer equation to evaluate
the average crystallite size within a sample. The Scherrer equation is only valid for crystallite
sizes in the range of 200 nm and smaller as such large crystallite sizes correspond to small
peak width making it hard to separate the broadening of peaks as a result of crystallite size

from broadening from other factors (Holzwarth and Gibson, 2011).

The equation must be used with caution since effects such as stress, strain and defects that
can effect both the FWHM and measured diffraction angle of reflections, therefore caution
must be used when applying the formula. It was reported by (Aladekomo and Bragg, 1990)

that the calculated crystallite size would be roughly 22% larger than the actual value.

The shape factor K is a dimensionless constant with a value close to unity, for spherical
particles a value of 0.89 is used and 0.94 for cubic particles, in general K = 0.9 is used for

particles of unknown shape.
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2.4.2 Ball Milled Graphite

Ball milling of graphite is an effective way of creating nanostructured graphite inducing
nano-crystallinity, defects and dangling carbon bonds (Orimo et al., 1999; Huang et al., 2007;

Chen et al., 2003; Zhang et al., 2009; Fukunaga et al., 2004).

Hydrogenated milled graphite was first investigated by Orimo et al. (1999). Ball milling of
graphite was found to rapidly reduce crystallinity and long-ranger order in the graphite. The
hydrogen content in graphite reached 7.4 wt% (milled under 10 bar H; for 80 h at 400 rpm).
Radial distribution function spectra confirmed the presence of C-H bonding within the
sample confirming that ball milling under hydrogen is an effective way to form hydrogenated
nanostructured graphite. Hydrogen was reported to be released over a broad range of

temperatures between 327 °C and 727 °C under a hydrogen atmosphere (Orimo et al., 2001)

2.4.2.1 Effect of Hydrogen Milling Pressure
Chen et al. (2003) demonstrated that H, milling pressures above 3 bar resulted in a decrease
in the total H, absorbed during milling, postulating that this was a result of H, atoms being

trapped at sheet edges and between graphene layers, thus suppressing defect formation.

2.4.2.2 Effect of Milling Time
Orimo et al. (1999) reported that the hydrogen concentration of ball-milled graphite was
proportional to the milling time for milling times up to 80 h, however, Temperature

Desorption Mass Spectrometry (TPS) revealed hydrogen release between 327 °C and 727 °C
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with two main peaks around 475 °C and 675 °C. Methane and ethane were also detected

alongside the first hydrogen desorption (Orimo et al., 2001).

Zhang and Book, (2011a) studied the effect of milling time on the desorption of hydrogen
and methane from milled graphite. Milling under 3 bar hydrogen for 10 h was found to
release 5.5 wt% hydrogen and no methane within detectable limits. Longer milling times

resulted in desorption of methane and a reduction in the quantity of desorbed hydrogen.

2.4.2.3 Effect of milling mode on H uptake

The choice of milling mode used during the ball milling process has been shown to directly
affect the hydrogen content of the graphite (Huang et al., 2007). Graphite samples were
milled for 100 h under 5 bar H; using two different milling processes, shear milling resulted

in a final H, concentration of 0.613 wt% compared to 2.718 wt% for impact milling.

2.4.2.4 Effect of milling under Hz vs. Ar

Ogita et al. (2004) investigated the effect on graphite when milled under Ar and H, through
Raman and Infrared (IR) spectroscopy. Milling under 1 bar H, was found to preserve
crystallinity, whereas milling under Ar was found to induce nanostructure randomness more

rapidly.

Francke et al. (2005) observed the same effects when milling under Ar and H,. Hydrogen was
found to preserve the microstructure with greater milling pressures resulting in greater

preservation. However, BET calculations indicated that milling under hydrogen does not
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increase the maximum surface area that can be achieved compared to milling under Ar, after
60 h samples milled under both H, and Ar had similar calculated surface areas. Due to the
slowed rate of destruction in the hydrogen sample, the rate of surface area increase for the
sample milled under Ar is greater. A maximum surface area for the Ar sample was achieved

after 5 h after which the surface area began to decrease due to particle agglomeration.

Figure 2.10 shows high resolution transmission electron microscopy (HRTEM) images of
graphite samples milled under Ar and H, published by Francke et al., 2005. Stacking
packages (crystalline graphitic particles embedded in an amorphous matrix) were observed
for samples milled under Ar for between 1 and 10 h after which the structure is best
described as “balls of wool” as shown in the left hand image of Figure 2.10. Conversely
stacking packages were visible in graphite milled under H, after 15 h. The middle image in
Figure 2.10 shows examples an example of stacking packages in which graphite layers were
observed to be bent up to 180 °. After 50 h of milling TEM measurements displayed no long

range order in the graphite layers.

Figure 2.10 HRTEM images of graphite samples with an amorphous nanostructure milled for various
durations under Ar and H, (Francke et al., 2005)

39



Literature Review

Down shifts in the location of the (002) reflections for each graphitic sample indicated an
expansion in the crystal lattice consistent with destruction of graphitic planes and the

introduction of defects as explained by (Chen et al., 2000; Huang, 1999).

2.4.2.5 C-H bonding in hydrogenated graphite
The ball milling of graphite under a hydrogen atmosphere has been shown to result in the
chemisorption of hydrogen to dangling C bonds located at graphene edges and defects

(Smith et al., 2009; Fukunaga et al., 2004; Ogita et al., 2004).

Ogita et al. (2004 ) investigated the nature of C-H bonding in the hydrogenated graphite
using IR. C-H stretching modes were observed around 2900 cm™, the concentration of CH, to
CH3 bonds was estimated to be 93-30% for CH, and 7-10% CHj; for graphite milled for 20 h
and 85% and 15% respectively for graphite milled for 8 h. CH, was identified as the most

dominant hydrogen configuration.

Although not seen in visible light Raman spectroscopy, C-H stretching vibrations have been
observed using Surface Enhanced Raman Spectroscopy (SERS) (Ushizawa et al., 1999) and
ultra violet Raman Spectroscopy (UV-RS) (Ferrari and Robertson, 2001) indicating that

although very weak, the C-H stretching modes in hydrogenated carbon is Raman active.

2.4.3 Ball Milled Graphite + Additions

As discussed in Section 2.4.2, hydrogenated ball milled graphite is capable of storing up to

7.4 wt% of H,, however the extremely high temperatures required for its release (400-
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900 °C) are far too high for vehicular applications and reversibility is not possible. In an effort
to lower H, desorption temperatures and induce reversibility, additions such as iron and

lithium hydride have been added to graphite.

2.4.3.1 Ball Milled Graphite + Fe
Ichikawa et al. (2004) identified that Fe contamination which occurred during milling led to a
two stage H, desorption profile during heating, with the first step commencing at the same

temperature as FesC crystal growth, 300 °C.

Zhang and Book (2011) observed similar results, through the addition of Fe, reducing the H;
desorption temperature of pure graphite down to 350 °C whilst increasing the total H,
absorbed during milling to 9.6 wt% by milling graphite with 0.5 wt% Fe. XRD measurements
identified no crystalline Fe in the milled sample. Peaks consistent with iron carbide were
identified indicating the improvement in storage capacity was due to the presence of iron

carbide formed during milling.

2.4.3.2 Ball Milled Graphite + LiH

Ichikawa et al. (2011) showed that 5 wt% H, could be reversibly desorbed and re-absorbed
over 5 cycles using milled graphite with the addition of LiH at a molar ratio of 2:1,
graphite:LiH. Hydrogen release is observed between 473 K and 773 K, with peak desorption
at 350 °C. It was proposed that the presence of LiH destabilized the C-H bonds of the

hydrogenated graphite. XRD results indicated Li,C, was found to form during desorption
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which was believed to accountable for the induced reversibility. Only the 1%
dehydrogenation released methane, all of the rehydrided samples only released hydrogen
indicating that the composition of the as-prepared sample was different to that of the
rehydrided samples. A reduction of storage capacity over cycling was deduced to be a
consequence of hydrocarbon production; a result of the decomposition of Li,C, during

rehydrogenation.

2.5 Porous Silicon

Porous silicon (PS) was discovered accidently in the 1950s at Bell Laboratories in attempts to
produce silicon wafers via electrochemical processing (Sailor, 2011a). Under certain
conditions, the electrochemical processing of silicon wafers resulted in the formation of

holes (pores) in the (001) direction (Uhlir, 1956).

The fabrication of PS involves the etching of crystalline silicon wafers in hydrofluoric acid
(HF) solutions resulting in the propagation of long open nanopores along with the formation

a hydrogen terminated surface (Sailor, 2011a) originating from the fabrication process.

Since the term nanoporous refers to a large range in pore size (999 2 x 2 1 nm), nanopores
are broken down into three sub categories shown in Table 2.1, as defined by the

International Union of Pure and Applied Chemistry (IUPAC) (Rougerol et al., 1994):
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Table 2.1 Types of nanopores as defined by the IUPAC (Rougerol et al., 1994)

Name Range of Pore Diameter (nm)
Micropores <2
Mesopores 50<x<2
Macropores >50

The level of doping in the silicon wafer used in the manufacturing process determines the
range of pore sizes that can be achieved during fabrication, p-type, p"-type and n-type
silicon wafers results in microporous, mesoporous and macroporous silicon respectively
(Sailor, 2011b). Varying the current density, temperature and electrolyte composition can
also impact the pore size and porosity. As expected for porous materials, porous silicon has a
high surface area, typically between 20 and 1000 m’cm™ (Petrova et al., 2000) or between 9

and 429 m’g™.

Figure 2.12 shows a cross-sectional SEM image of a porous silicon wafer published by (Dian
et al.,, 2004), the elongated pores resulting from the electrochemical etching fabrication
process are clearly visible, SEM images were also published showing the surface of porous

silicon wafers clearly showing the open end of the pores, shown in Figure 2.11.
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Figure 2.11 SEM image of the surface of a porous silicon wafer (12.5 %HF solution, anodization current of
10 mAcm™) (Dian et al., 2004)

Figure 2.12 Cross-sectional SEM image of a porous silicon wafer created by electrochemical etching (Dian et
al., 2004)
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2.5.1 Characterisation of Porous Silicon

The profile of silicon’s Raman spectrum is indicative of its long rang ordering. Figure 2.13
shows the Raman spectra of 4 silicon samples with increasing amorphous content.
Crystalline silicon has cubic crystal structure leading to uniform bond strength and energy, as
such its Raman spectrum exhibits an intense symmetric peak ca. 520 cm™ originating from
the transverse optical TO mode of Si-Si bond (Veprek et al., 1981). On the other hand, this
uniformity is not present in amorphous silicon, and as such the Raman spectrum of
amorphous silicon (red line) exhibits a broad peak ca. 480 cm™. The green and blue lines in
Figure 2.13 show the Raman spectra of silicon samples with some degree of crystallinity
remaining, but with large amorphous contents, indicated by a reduction of intensity and
downshift in the TO mode at 520 cm™ and an increase in the broad amorphous peak

ca. 480 cm™.

Figure 2.13 Raman spectra of Silicon samples with varying quantities of amorphous content. The orange line
shows the spectrum of crystalline silicon, the red, blue and green lines show Raman spectra of amorphous
silicons (Semrock, 2016)
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The Raman spectrum of porous silicon differs slightly to that for crystalline silicon. The
location of the TO mode of silicon is broadened and downshifted to lower energy indicating
the presence of nano-scale features (Dubey and Gautam, 2009). As the size of the
nanocrystallites reduces the TO mode moves to lower frequencies becoming broader
asymmetrically (Dubey and Gautam, 2009). Thus for higher porosity silicon a greater down

shift is observed.

Figure 2.14 Raman spectrum of Porous and crystalline silicon with an excitation wavelength of 488 nm
(Dubey and Gautam, 2009)

The hydrogen terminated surface of porous silicon consists of three different SiHy species:
SiH, SiH, and SiHs. SiH is most common on flat surfaces, whilst SiH, and SiHs; require more Si
dangling bonds for their formation and as such are believed to exist on pore edges and

defects, as demonstrated in Figure 2.15.
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Figure 2.15 Schematic diagram of SiHx bonding present on the surface of porous silicon. a) the surface of a
low porosity PS (<60%) b) the surface of a high porosity (>60%). The dashed lines represent the surface
(Lysenko et al., 2004).

SiH, SiH, and SiH3 are all Raman and IR active and can be observed in the Raman spectra of
porous silicon. Figure 2.16a shows the IR Spectra or porous silicon in the range of 2040 cm™
and 2190 cm™. The three peaks ca. 2088 cm™, 2110 cm™ and 2137 cm™ correspond to
stretching modes of SiH, SIH, and SiHs bonds respectively. Their relative intensities are
dependant upon the degree of porosity within the sample. As shown in Figure 2.15, higher
porosity silicon will contain a larger proportion of SiH, and SiH3 species compared to low

porosity silicon.
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Figure 2.16 a) Infrared Spectra of meso-porous silicon with varying porosity b) TPD profile showing hydrogen
desorption with increasing temperature (Manilov and Skryshevsky, 2013; Lysenko et al., 2005)

2.5.2 Thermal decomposition

Lysenko et al. 2005 studied the thermal decomposition of PS via temperature programmed
desorption (TPD), their results can be seen in Figure 2.16b. Hydrogen was observed to
desorb in the in a 3 main steps from both freshly prepared and aged (50 days) PS. Traces of
silane (SiHs) were detected but at an intensity 2 orders of magnitude lower than the

observed H; desorption and was subsequently considered negligible.
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The observed increase in hydrogen desorption temperature of 40 °C from the aged PS
compared to its freshly made counterpart was attributed to the partial oxidation believed to

have occurred during storage

2.6 Lithium Borohydrides

Borohydrides are a type of complex hydride which are defined as salt like materials
consisting of a complex anion built of hydrogen atoms covalently bonded to a central atom
(in the case of borohydrides, the central atom is Boron) and a light metal cation
(Weidenthaler and Felderhoff, 2010). The anion in borohydrides is a tetrahedral [BH4]
structure, hence borohydrides are also given the name tetrahydroborates (Stavila et al.,
2013). Since borohydrides contain such light elements, they show great promise as hydrogen
storage materials, with LiBH,; boasting the highest H, storage capacity of 18.36 wt% and

122.5 kgm™.

LiBH4 was the first synthesised by Schlesinger and Brown (1940) via the reaction of ethyl
lithium and diborane, however, it was not investigated as a hydrogen storage material until
2003 when Zuttel et al. (2003) investigated the thermal decomposition of LiBH; and

successfully lowered the decomposition temperature through the addition of SiO,.

Recently, another application of LiBH; has been investigated, its high conductivity makes
LiBH,4 a potential solid-state electrolyte for use in batteries (Matsuo et al., 2007; Maekawa et
al., 2009; Takahashi et al., 2013; Blanchard et al., 2015), however, this work will focus on its

use as a hydrogen storage medium.
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2.6.1 Structure of LiBH4

LiBH4 is comprised of a Li* cation ionically bound to a [BH4] anion. The tetrahedral structure
of the [BH4]™ unit is very similar to that of methane and as such the vibrational modes in

LiBH, are referred to by their CH4 equivalents.

At room temperature LiBH4 possesses an orthorhombic crystal structure (o-LiBH4), however,
upon heating to around 113 °C LiBH,; under goes a reversible polymorphic transformation

from o-LiBH,4 to a hexagonal crystal structure (h-LiBH4) (Shao et al., 2014).

2.6.2 Thermal Decomposition

LiBH; melts at 285 °C releasing a small amount of H, followed by the decomposition of LiBH,4
with peak hydrogen release at 467 °C (Shao et al., 2014) (reaction temperatures were

calculated for bulk LiBH, heated at a 5 C.min™ under 50 ml.min™ Ar as shown in Figure 2.17).

(a) bulk LiBH, 1 b i

‘N'e / jJualind uo|

Heat flow/a.u.— exo.

50 100 150 200 250 300 350 400 450 500
Temperature / °C

Figure 2.17 DSC-MS profile of bulk LiBH, heated to 550 °C at 5 °C.min"" under 50 ml.min™ Ar (Shao et al., 2014)

50



Literature Review

When heated LiBH; decomposes into LiH, amorphous boron (a-B) and hydrogen following an
overall decomposition pathway shown in Equation (2.3), recombination of reaction products

has been successful under 600 °C and 155 bar H, (Mauron et al., 2007).

A number of intermediate phases have been proposed such as Li;B;;H;; and B,Hg (Ohba et

al., 2006; Kato et al., 2010).

LiBHs <> LiH + B + 3/5H, (14 wt%) (2.3)

Ohba et al. (2006) conducted first principle studies investigating the stability of different
intermediate compounds in the decomposition of LiBH4. Lithium dodecaborane (Li;B12H13)
comprised of two Li* cations and a [Bi2H12]* anion  was predicted as the most
thermodynamically stable reaction product, with the decomposition reaction following

Equations (2.4a) and (2.4b).

LiBHs <> Y/15LiB1aH1a + °/eLiH + /15H, (10 wt%) (2.4a)

&S LiH + B +3/5H, (4 wt%) (2.4b)

Shortly after Orimo et al. (2006) confirmed the presence of Li,B1,H1; in the decomposition of
LiBHs by Raman spectroscopy measurements. Thermo-gravimetric (TG) measurements
indicated a rapid weight loss of ~11 wt% between 427 °C and 457 °C followed by a further
gradual weight loss of ~3 wt% by 625 °C, suggesting decomposition progressed through
Equation 2.4a followed by Equation 2.4b. XRD results did not show any reflections consistent

with Li,B1,H1> indicating a lack of long-range order; only reflections of LiH were observed.

Reed et al. (2009) studied the decomposition of LiBH, through in-situ Raman spectroscopy.

Results showed the formation of Li,B1,H1; at 350 °C with the formation of a-B at 380°C. Both
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a-B and Li;Bi;H1; are present during heating suggesting that LiBH; may decomposes directly
into LiH, a-B and H; (Equation 2.3) as well as through the intermediate compound Li,B1,H1>

(Equation 2.4); the two decomposition pathways may be simultaneous.

Another decomposition pathway was proposed by Kato et al. (2010) due to the detection of
B,He during the decomposition of LiBH4, the reaction pathway is summarised in Equation

(2.5).

LiBH4 > LiH + /,B2Hg = LiH + B + 3/5H, (2.5)

Friedrichs et al. (2010) produced Li,B;,H;, via the reaction of B,Hg and LiBH; which along
with the detection of B,Hg by Kato et al. (2010) gives rise to the decomposition pathway

described in Equation (2.6).

2LiBH4 + 5BoHg = LiB1oH1p + 13H; (2.6)

The icosahedral [Bi,H12]* cages in closo-boranes such as Li;B1,H1, are extremely stable as a
result of the aromatic character of bonding in the cage (Stavila et al., 2013), and as such are
unlikely to further decompose through Equation 2.3b. Consequently, avoiding the formation
of B,Hg and Li;B1>H1, are highly important if LiBH, is to be used in hydrogen storage. B,Hg can
poison fuel cell stacks and along with Li,Bi;Hi, both act like boron sinks, reducing the

quantity of boron free to reform LiBH,4 during rehydriding reactions (Yan et al., 2012).

The decomposition pathway for bulk LiBH; has been shown to be dependent upon the
decomposition conditions and as such can be influenced by an applied H, over pressure (Yan
et al.,, 2012). The decomposition of LiBH4; at 600 °C under 50 bar H, overpressure and at

427 °C under 10 bar H, yields the formation of Li,B;;H1, only (Equation 2.3a). Decomposition
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under the lower H; pressure range of 0.1 to 10 bar at 600 and 527 °C leads to simultaneous
decomposition mechanisms; decomposition into Li;Bi;Hi; (Equation 2.4a) and direct

decomposition into a-B (Equation 2.3).

2.6.3 Hydrolysis of LiBH4

Hydrolysis of LiBH; has been studied due to its high theoretical H, ‘storage’ capacity of
8.6 wt% (Kojima et al., 2004) and the intensely exothermic nature of the reaction which can
result in the reaction chamber reaching temperatures in excess of 200 °C (Weng et al.,

2011b).

Experimentally no more than 60 wt% of the theoretical hydrogen generation has been
achieved due to the formation of impermeable solids clogging the reaction vessels formed
by a combination of reacted and un-reacted LiBH4 (Weng et al., 2011b). Weng et al. (2011a)
found that full hydrolysis could be achieved with addition of 7wt% multi-wall carbon
nanotubes (MWCNTSs) through prevention of agglomeration of reactants and products.

However formation of stable reaction products such as LiOB, make reversibility complex.

2.7 Destabilisation LiBH,4

As previously discussed LiBH4 requires non-practical conditions (for on-board vehicles) for
de/re-hydrogenation. Consequently a vast quantity of research has been focused on

reducing the temperatures and pressures required (Saldan, 2011; Li et al., 2011). There are
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three main approaches that may be used: catalysts, reactive hydride composites and size

interface reactions (Fichtner, 2011).

2.7.1 Effect of Oxidation on the decomposition of LiBH4

Kato et al. 2010 studied the effect of surface oxidation on decomposition pathway of LiBH,.
The formation of LiO, on the surface layer of LiBH,4 resulted in a reduction in the quantity of
B,He released and improved H, desorption kinetics indicating B,He desorption is determined
by a surface process. It was reported that when oxygen chemosorbs to the surface of LiBH,,
boron rich oxide compounds are formed before the more stable and lithium rich LiO, forms
resulting in segregation of Li onto the surface. LiO, suppressed the release of B,Hs by

hindering its formation, resulting in enhanced H, desorption.

2.7.2 Catalysts

A wide range of catalysts have been added to LiBH, in order to influence the decomposition
pathway of LiBH; with the aim of reducing temperatures and pressures required for re/de-

hydrogenation of LiBH,, a few of the most prominent additions are discussed in this section.

2.7.2.1 LiBH4 + SiO2
LiBH4 was first destabilized via the addition of SiO, as a catalyst by Zuttel et al. 2003 who
observed a significant reduction in the decomposition temperature of LiBH4 to 200 °C, with

the release of hydrogen occurring in three stages all below 400 °C. The LiBH4 was found to
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desorb 13.5 wt% H; by 500 °C corresponding to complete desorption with the production of
B and LiH. Molten LiBH4 has been shown to react with SiO, and forming Li,SiO3s and LisSiog

during decomposition (Mosegaard et al., 2008) preventing the possibility for reversibility.

2.7.2.2 LiBH4 + TiCl3
Mosegaard et al. 2008 investigated the effect of TiCl; on the decomposition of LiBH4. The
hand-mixed sample containing 2 mol% TiCls was found to partially react with LiBH; at room

temperature forming LiCl as observed by XRD.

2.7.2.3 LiBH4+ TiO2

Yu et al. 2010 ball milled LiBH4+TiO, with varying weight ratios, the most promising was
determined to be 1:4 (LiBH4:TiO;) whose onset of H; release was 150 °C with peak H, release
ca. 245 °C. The sample was found to desorb 3.65 wt% H; by 600 °C, however, the majority
of H, was released below 220 °C. The proposed reaction pathway (equation 2.7) for
decomposition is shown below. Rehydrogenation attempts under 400 °C and 100 bar H,

were unsuccessful.

LiBH4 + TiO, = LiTiO, + B +2H, (2.7)

A few months later, Au et al. 2008 reported that ball-milled LiBH4+TiO, (75:25 wt%)
desorbed 9wt% H, between 100 °C and 600 °C and could resorb an impressive 8 wt% at

600 °C under 70 bar H,. The decomposition pathway was reported as below (equation 2.8),
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giving a theoretic capacity of 10 wt%. Over 5 re/de-hydrogenation cycles the capacity was

found to reduce from 9 wt% to 2 wt%, accredited to the formation of stable LisBOs.

LiBH4 + 0.09TiO, = 0.18LiOH + 0.82LiH + 0.82B + 0.09TiB, (2.8)

2.7.2.4 LiBH4 + Li3BO3

Ma et al., 2016 ball milled LiBH,; with porous lithium borate (Li3sBOs) (fabricated by balling
milling LiH and LiBO,) to form a mixture of LiBH; scattered within the LisBOs pores
(characterised by TEM). The decomposition and recombination kinetics of LiBH; were found
to be enhanced for the LiBH, ball milled with LisBO3; compared to milled LiBH4 on its own,
with composite samples desorbing 8 wt% H, just above 600 °C (100 °C lower compared to
milled LiBH4). The LiBH4 + LisBO3 sample was shown to desorb three times as much H, by
350 °C (1.5 wt%) compared to ball milled LiBH4 and adsorb 2.1 wt% H, after 500s at 400 °C
under 50 bar H, compared to 1.5 wt% for milled LiBH4. XRD results of the LiBH4 + LizsBO3 at
various stages of de/re-hydrogenation revealed no change in the intensity of reflections of
Lis3BO3 and no additional intermediate phases indicating the LisBOs; acts as an additive

without chemically reacting with the LiBH,, as depicted in Equation 2.9.

LiBH, Li3BO; LiH + B + 3/,H, (2.9)

A combination of the Li* ions, positively charged active B sites and highly electronegative
oxygen atoms in LisBOs were speculated to reduce the activation enthalpies for de/re-

hydrogenation of LiBH,.
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2.7.3 Reactive Hydride Composites

Reactive hydride composites (RHCs) include the addition of a second compound hydride
based compound to LiBH; resulting in the formation of new compounds with different
thermodynamic properties. The addition of a second compound can lead to a reduction in
the H, content of the system hence the H, capacity of the individual compounds must be
considered in order to minimise any overall loss in H, storage capacity of the system. A

number of promising RHCs are discussed below.

2.7.3.1 LiBH4 + MgH>

LiBH4 mixed with MgH, has a theoretical H, capacity of 11.4 wt% and decomposes via a two-
stage reaction shown in equations 2.10a and 2.10b. The formation of MgB, acts to stabilize
the decomposition of LiBH4 resulting the destabilisation of LiBH,; (Vajo et al., 2005). The
reformation of LiBH, is achieved in a single reaction step under 100 bar H, at 350 °C shown
in equation 2.10c. The addition of TiCl; was found to catalyse the reaction resulting in a

reversible storage capacity of > 9 wt%.

LiBH4 + 1/,MgH; = LiBH4 + */>Mg + */5H, (2.10a)

LiBH4 + */oMg + Y/oH, > LiH+'/,MgB, +2H,  (2.10Db)

LiH + */,MgB, + 2H, = LiBH4 + */,MgH> (2.10c)

The limiting factor on LiBH; + MgH, systems is the incubation period between the two

decomposition steps of 12 h (Fang et al., 2010b).
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2.7.3.2 LiBH4 + CaH:
LiBH; + CaH, has a theoretical H, capacity of 11.7 wt% and follows the decomposition

pathway described by equation 2.11.

6LiBH, + CaH, €< - 6LiH + CaBg + 10H, (2.11)

As reported for the LiBH; + MgH, system, TiCI3 has been shown to catalyse the de/re-
hydrogenation reaction of a LiBH; + CaH, system (Pinkerton and Meyer, 2008). A
LiBH4 + CaH, + TiCl3 (6:1:0.25 molar ratio) composite was prepared via ball milling for 1 h.
The sample was able to reversibly store 9.1 wt% over 3 cycles which corresponds to 95% of
its theoretical capacity when rehydrided under 83 bar H, at 400 °C for 10 h, only H, was

detected by mass spectroscopy.

2.7.3.3 LiBH4 + YH3

Shim et al. 2010 ball milled YH; with LiBH; forming a mixture of LiBHs;, YH; and YH,
(indicating partial decomposition of YH; during ball-milling). The application of a 3 bar H,
back-pressure on the decomposition of LiBH4 + YH; was shown to alter the decomposition
pathway of the mixture through the formation of LiH and YB, resulting in the desorption of
over 7 wt% H; after 6 h at 350 °C. A 4 h incubation period was observed before the mixture
started to rapidly release hydrogen, which was attributed to surface oxidation of YH;
particles acting as a kinetic barrier in the reaction between LiBH; and YHs. Rehydrogenation
of the sample under 90 bar H, at 350 °C resulted in the reformation of LiBH4, YH3 and YH,

and a H, uptake of 5.2 wt% (72% of its original capacity).
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The application of a H, back pressure has been shown to promote the formation of metal
borides and thus lower hydrogen desorption temperatures for YH3, CaH,, CeH; (Shim et al.,

2010) and MgH, (Vajo et al., 2005; Nakagawa et al., 2007) mixed with LiBH,.

2.7.3.4 LiBHa4 + NbFs

Kou et al. 2014 ball milled a variety of ratios of LiBH; and NbFs at 400 rpm for 1 min under an
Ar atmosphere. After ball-milling of 5LiBH,; + NbFs a new phase was observed by XRD along
with reflections from LiF, indicating anew phase was formed during the milling process. FTIR
measurements confirmed the presence of B-H bending and stretching bonds in the milled
sample indicating the formation of a new borohydride. The milled 5LiBH4 + NbFs sample was
shown to begin H, desorption at an incredibly 60 °C and desorb 4 wt% by 255 °C.
20LiBH4 + NbFs was shown to desorb a total of 7 wt% H, by 400 °C, only losing 37% of that
capacity after 5 re/de-hydrogenation cycles; rehydrogenation was carried out under 100 bar

H, at 600 °C.

2.7.3.5 LiBH4 + LiNH;

Aoki et al. 2005 investigated the potential of a LiBH; + LiNH; system created via ball milling
of LiBH; and LiNH, under an Ar atmosphere for 1 h (2:1 molar ratio) resulting in the
formation of an unknown phase. This phase was found to desorb 89 % (10.6 wt%) of its H,
capacity at 250 °C forming LisN-BN and Li3BN,, almost 40 °C below the melting temperature

for pure LiBH,.
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2.7.3.6 LiBH4 + MgBH4

Z.-Z. Fang et al. 2010 balled milled LiBH; with Mg(BH;), with a molar ration of 1:1 for 10 h.
The resultant material was found to a mixture of the starting materials long with a new
phase believed to be a dual cation borohydride. The resultant mixture was found to desorb
H, at 240 °C, 30 °C and 170 °C lower than expected for Mg(BH,), and LiBH,4 respectively, over
9 wt% H, was desorbed by between 200 and 370 °C. However, complete rehydrogenation
could not be achieved under 100 bar H, at 400 °C. The rehydrided sample exhibited a

capacity of 2.5 wt% corresponding to the formation of MgH, as confirmed by XRD.

2.7.4 Size and Interface Reactions

The introduction of nano-sizing in hydrogen storage materials has been shown to be an
effective way of reducing the temperatures and pressures required for re/de-hydrogenation
arising from smaller diffusion distances and a greater influence from surface energy effects
(Roduner, 2006; Fichtner, 2011; de Jongh et al., 2013) In this section the effect of high
surface area additives, nano-sizing and nano-confinement on the re/de-hydrogenation of

LiBH; are examined.

2.7.4.1 High surface area additives
A number of high surface carbon based materials have been added to LiBH,; successfully

lower the decomposition temperature of LiBH, and are discussed below.
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2.7.4.1.1 Carbon Nanotubes

MWCNTSs (Chano) Were ball milled with LiBH4; for 1 h under an Ar atmosphere with various
LiBH4:Chano ratios. A ratio of 2:1 was found to be optimum. The onset of H, desorption of
LiBH; was decreased from 380 °C to 250 °C with 100% of H, content being desorbed by
600 °C. XRD patterns of dehydrided samples showed reflections consistent with Li,C,, LiOH
and C. The formation of Li,C; indicated that MWCNTSs destabilise both LiBH4 and LiH, since
the decomposition temperature of LiH is around 600 °C. Similar results were seen by
Ichikawa et al. (2005) as discussed in Section 2.4.3.2. Partial recombination to LiH was
achieved under 100 bar H, at 400 °C equating in a decrease in storage capacity of over 75%.

Reformation of LiBH4 could not be achieved under the stated conditions.

2.7.4.1.2 Activated Carbon

Cahen et al. 2009 pre-melted LiBH, into activated carbon with a pore size < 2 nm at 280 °C
under an Ar atmosphere (no evidence was supplied to support the claim of successful melt-
infiltration) as a comparison material for their study of LiBH4 in porous carbons, reporting a
total of 2 wt% H, desorbed by 600 °C with a loss of over 30% of this total capacity after three

re/de-hydrogenation cycles. Rehydrogenation was carried out under 100 bar H; at 400 °C.

2.7.4.1.3 Ceo

Wellons et al. 2009 studied the addition of Cs on the de/re-hydrogenation reaction of LiBH,.
Ceo and LiBH4 (1.6 mol%) was mixed with tetrahydrofuran (THF) and stirred for one hour. The
solvent was then removed under vacuum producing a Cg + LiBH; composite, this ball-mill

free method of mixing was chosen to preserve the structure of the Ceo. The hydrogen
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desorption temperature of LiBH; was shown to be 80 °C lower compared to pure LiBH,4, the
sample desorbed over 9 wt% after 2 h at 350 °C. Rehydrogenation was carried out under 120
bar H, at 350 °C resulting in a capacity of 4.2 wt%, the large reduction in capacity was

speculated to be a result of the formation of stable intermediates.

2.7.4.1.4 Nanostructured Graphite + LiBH4
Zhang et al. 2012 reported the potential of a hydrogenated nanostructured graphite + LiBH,4
sample prepared via ball milling under a hydrogen atmosphere that was capable of

desorbing 9.3 wt% by 500 °C.

(Zhang et al., 2013) investigated the influence of milling graphite with LiBH4 through density-
functional theory calculations, predicting a favourable reaction between LiBH, and graphite
nano-fragments. Unsaturated sites introduced by graphite nano-fragments (e.g. chains or
rings of carbon atoms) inserted into the interstitial sites in LiBH4 are favourably occupied by
BH5; complexes and H atoms, the dehydrogenation energy of BH; — C complexes (1.99 eV for
carbon rings inserted into LiBH4) was calculated to be lower than that for pure LiBH,4 (2.54 -

2.69 eV).

During the writing of this thesis, Wang et al., 2016 published a study on nanostructured
graphite mixed with LiBH4. Graphite was first ball milled under 10 bar Ar for 8 h resulting in
the formation of nano-crystalline graphite and an increase in the surface area (calculated by
BET) from 3.9 ng'l to 324 ng'l both of which are consistent with this work_ LiBH; was then
added at weight ratio of 1:1 and re-milled, no duration was given for this second milling

procedure. The resulting graphite + LiBH; mixture begin to desorb H, above 250 °C with
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peak H, desorption ca. 350 °C, however, both CH; and B,Hg were detected at 275 °C. The
presence of CH, during decomposition clearly shows an interaction between the nano-
structured graphite and LiBH,. It was concluded that nano-sized graphite may act as a milling
aid in the reduction of LiBH,4 particle size during ball milling and that an interaction between
LiBHs and nano-sized graphite gave rise to impurity gas release (B,Hg and CHg). Pristine
graphite was shown to not have the same effect upon the decomposition temperature of
LiBH4 as nanostructured graphite suggesting it the structure of the additive that influences

the decomposition reaction, not the material itself.

2.7.4.2 Nano-sizing

Nano-sizing of metal particles is known to change the physicochemical properties of a
material (de Jongh et al., 2013; Roduner, 2006; Fichtner, 2011; Shao et al.,, 2012), an
example of which is gold which changes from an inert metal to an excellent catalyst when its

particle size is reduced to <3 nm (Roduner, 2006).

The effects of nano-sizing are a result of the large increase in the fraction of atoms at the
surface of the particle, known as the dispersion. The number of atoms (N) in a sphere of
radius r is directly proportional to the volume of the sphere (V), whereas the surface area is
proportional to the r? and the volume to r’. However the dispersion is proportional to the

surface area divided by the volume and is thus abides by the relation N3 (Roduner, 2006).

In nano-sized particles, the majority of atoms are located on the surface with interior atoms
located near to the surface. This arrangement of atoms allows for rapid H, uptake and

release kinetics since diffusion distances are minimal (de Jongh et al., 2013).

63



Literature Review

Nano-sizing of MgH, has been shown to be an effective way of reducing temperatures
required for de/re-hydrogenation (Huot et al., 1999). Ball milling Mg,H, for 20 h was found
to lower its desorption by 64 °C. The ball-milled sample was also able to fully absorb (at 300

°C) and desorb (at 350 °C) H, five times quicker than the unmilled sample.

2.7.4.3 Nano-confinement

Nano-confinement is another way of inducing the nano-scale effects discussed above. The
nano-confinement of hydrogen storage materials has been shown to be an effective route to
lowering the required temperatures and pressures required for de/re-hydrogenation (Vajo,
2011; Liu et al., 2010; de Jongh et al., 2013). The reasoning behind these effects originates
from the increase in surface energy which is inversely proportion to particle size (Fichtner,
2011) (as explained above). Interactions between the scaffold and material surface may also
interact chemically affecting to the total energy of the system along with elastic restraints

imposed upon the confined material (Fichtner, 2011; Baldi et al., 2009).

2.7.4.4 Melt-infiltration

Melt-infiltration is the process by which a material (A) is heated above its melting
temperature in the presence of a porous host material (B). The melted material then fills the
pores through capillary action. The result is a host material (B) with material (A) confined
within its pores. Nano-confinement of metal hydrides has been shown to be an effective way

of altering the thermodynamics of a confined material, resulting in reduced decomposition
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temperatures (Fang et al.,, 2010b; Ngene et al., 2010; Liu et al., 2011; Shao et al., 2014;

Capurso et al., 2012).

2.7.4.5 Nano-confinement of LiBH4

Nano-confinement of LiBH, can be achieved through melt-infiltration. LiBH, is heated to just
above it's melting temperature (~285°C) under an over pressure of hydrogen. The
application of a 3 bar H, over pressure during heating is known to suppress the
decomposition of LiBH,4 (Pinkerton et al., 2007), molten LiBH, is then drawn into the pores of
the scaffold material via capillary action (Gross et al., 2008), resulting in the confinement of

LiBH; within a host material.

The successful confinement of LiBH,; within the porous host is inferred from a loss in long-
range ordering of LiBH,;, seen as the disappearance of reflections from o-LiBH; at room
temperature after melt-infiltration (Gross et al., 2008) along with a large decrease in the
measured surface area and pore volume of the host scaffold (Ngene et al., 2010; Liu et al.,

2010, 2011; Shao et al., 2014).

2.7.4.5.1 Porous Silica + LiBH4

As discussed in section 2.7.2.1, SiO, has been shown to destabilize the decomposition of
LiBH;. Ngene et al. (2010) investigated the confinement of LiBH; within a porous silica
scaffold (SBA-15), a reduction in the pore volume of the SBA-15 was observed after melt-

infiltration under 180 bar H, at 295 °C inferred the possible confinement of LiBH,; within the
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porous structure, which kept its original structure as indicated by XRD. Decomposition of the
melt-infiltrated sample showed an impressively low onset of hydrogen release of 150 °C,
however the formation of Li,SiO5; and Li;SiO,4 eliminated the possibility for reversibility. The

proposed decomposition pathway is shown below in equation 2.11.

6LiBH,4 + SiO, = 2Li,SiO3 + Si +4B + 2LiBH, + 8H, (2.11a)

- 3/2Li,Si0, + 1/,Si +2B + 4H, (2.11b)

2.7.4.5.2 Porous Carbons + LiBH4

(Zhang et al., 2007) combined nano-sizing and nano-confinement of LiBH; and subsequently
were able to lower the decomposition of LiBH; through ball milling with a mesoporous
templated carbon (CMK-3) (1:1 weight ratio), an ordered mesoporous carbon, for 5 h at 450
rom under 30 bar H,. TEM analysis of the milled sample indicated complete destruction of
the porous framework, with LiBH4 nanoparticles (~ 5 nm in diameter) embedded within the
collapsed carbon framework. The composite desorbed over 7 wt% H, by 600 °C with bulk
desorption occurring at 332 °C, 83 °C lower than they reported for pure LiBH,.
Rehydrogenation was demonstrated as being feasible under 30 bar H,, a reported 3 wt% was
absorbed within 500 min. Li,C, was observed by XRD in the dehydrided phase, leading to a

proposed dehydrogenation pathways shown in Equation 2.12.

LiBHs = LiH + B + H, (2.12a)
LiBHs + C 2 Li,C; + B+ H; (2.12b)
LiH + C = Li,C; + H, (2.12¢)

66



Literature Review

Zhang et al concluded there were two key mechanisms responsible for the improvement
observed in the re/de-hydrogenation of LiBH; mixed with mesoporous carbon. Nano-
dispersion was reported to influence thermal stable tailoring of LiBH4 and reduce diffusion
distances whilst the mesoporous carbon framework served as a reactive agent for

decomposition.

Gross & Vajo 2008 melt-infiltrated 25-30 wt% and 45-50 wt% LiBH, into carbon aerogels with
pore sizes of 13 nm and 25 nm respectively, calculated from Brunauer-Emmett-Teller (BET)
and Barrett-Joyner-Halenda (BJH) methods (Lowell et al., 2004). The dehydrogenation rate
was found to be 50 times greater for the 13 nm sample, with the sample desorbing 3.7 wt%
H, by 400 °C (corresponding to 91% of the samples total H, capacity), < 0.2 wt% CH4 was
detected during decomposition but no B,Hg was found to be released. LiBH4 was successfully
recombined under 100 bar H, at 400 °C as confirmed by the reappearance of reflections
from o-LiBH, in XRD measurements, however, the cyclic capacity was found to reduce by 40

% after 3 cycles possibility resulting from the degradation of the carbon scaffold.

Mesoporous carbon (manufactured by templating of SBA-15 resulting in a pore size of 4 nm)
impregnated by LiBH, via incipient wetness method was studied by Cahen et al. 2009. The
sample was found to desorb 4 wt% H, by 500 °C (82% of the theoretical capacity based on
the formation of LiH and B) with decomposition ca. 335 °C. No diborane was detected.

Rehydrogenation attempts under 100 bar H, and 300 °C were unsuccessful.

Liu et al. 2010 melt-infiltrated LiBH,4 into highly order porous carbon with a pore size of 2 nm

under 60 bar H; at 300 °C, BET analysis of the sample showed a significant decrease in the
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surface area of the carbon (594 m’g™ to 116 m°g") after the melt-infiltration process
suggesting LiBH; was successfully confined within the pores of the scaffold material. The
onset of hydrogen desorption was found to reduce to 220 °C with no DSC peaks consistent
with the orthorhombic to hexagonal phase change or melting of LiBH; observed, suggesting
a high level of disorder was induced as a result of nano-confinement. No attempts at

rehydrogenation were reported.

2.7.4.5.3 Zeolite templated carbon + LiBH4

(Shao et al., 2015) successfully nano-confined LiBH, inside of a densified zeolite template
carbon. ZTC with a surface area of 3596 m’g™" was synthesised from zeolite 13X and
densified under 750 MPa for 20 min resulting in a surface area of 3309 m’g™. The resulting
ZTC was then hand ground before being melt-infiltrated at 300 °C under 140 bar H, for
30 min. The densified ZTC+LiBH; was calculated to have a hydrogen content of 6.92 wt%,
releasing hydrogen 181 °C lower than pure LiBH;. Rehydrogenation was achieved at
260 °C under 120 bar H; for 12 h, with the reformation of LiBH; confirmed by XRD and FTIR.
The composite was subjected to 5 re/de-hydrogenation cycles; the H, capacity after the 5t
cycle was measured to be 56% of the original capacity of the composite. This reduction was

speculated to be a result of the formation of Li,B1;H;1, as seen by NMR.

2.7.4.5.4 Effect of nano-confinement of LiBH4 on diborane
The nano-confinement of LiBH; within porous carbon with a pore size of < 15 nm has been
shown to reduce the quantity of diborane released during decomposition of LiBH,4 (Liu et al.,

2011), with pores <2nm reported to fully suppress/eliminate the evolution of B,Hs during
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decomposition (Liu et al., 2010), however, the same sample was shown to release B,Hg when

not subject to the melt-infiltration process.

Diborane release was also found to be suppressed during the decomposition of LiBH4
confined within porous carbons with pore sizes of 13 nm (Gross et al., 2008) and 3.8 nm

(Cahen et al., 2009).

Kostka et al. 2007 reported diborane release from porous silica gel (3 nm pore size) milled
with LiBH; but found the addition of 5 mol% of LaCLsz or TiCl; to LiBH4 prior to ball milling
with the silica gel greatly reduced the quantity of B,Hg released during decomposition of

LiBH,.

2.7.4.6 Porous carbons + LiBH4 + Additives

2.7.4.6.1 LiBH4+ MgH>

Fang et al. 2010 studied the potential of a LiBH; + MgH, + Activated Carbon (AC) composite
prepared by ball-milling with the aim of reducing the incubation period associated with the
decomposition of LiBH4 + MgH, systems, discussed in Section 2.7.3.1. The addition of AC was
found to promote the decomposition of the system reducing the wait time between the two
decomposition steps by a factor of 4 to 3 h, this time could be further reduced to 2 h by
melt-infiltrating LiBH,4 into the AC during fabrication of the composite. Isothermal desorption
at 350 °C lead to 4.5 wt% H, being desorbed during the first decomposition step indicating
partial decomposition of the LiBH, (the theoretical capacity from the MgH, in the system

was 2.85 wt%). The cyclic capacity was shown to be stable with a total of 9 wt% H, storage
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capacity achieved after 3 cycles, rehydrogenation was carried out under 100 bar H, at
350 °C. From these results it can be concluded that the infiltration of hydrides within

activated carbon can greatly improve decomposition kinetics.

2.7.4.6.2 LiBH4+ Mg(BH4)2

Capurso et al. 2012 investigated the effect of confinement on LiBH; and Mg(BH,4), mixtures
to see if the decomposition temperature could be further reduced when mixed with nano-
structured graphite produced via ball-milling, concluding that graphite milled for 10 h had

the greatest impact in reducing the hydrogen desorption temperatures of the mixtures.

2.7.4.6.3 LiBH4 + NbFs nano-particles

As discussed in section 2.7.3.4, NbFs has been shown to be an effective catalyst in the
decomposition of LiBH4. As such, Shao et al. 2014 investigated the effect of confining LiBH,4
within a meso-porous carbon (with a pore size of 3.8 nm formed as an inverse replica of SBA-
15 as described by Zhao et al. 1998) impregnated with 10 wt% NbFs. SEM images along with
a drastic reduction in the BET surface area of the porous carbon from 1321 m? to 33.58 m?
indicated LiBH4 was successfully melt-infiltrated and confined within the nano-pores under
140 bar H; at 300 °C. The onset of hydrogen desorption was found to be 225 °C than that of
pure LiBH4 occurring at 150 °C with peak H; release ca. 309 °C. No peak indicative of the
melting of LiBH; was observed by DSC inferring the high lever of disorder induced by nano-
confinement of LiBH,4. Reversibility of the sample was successful under 200 °C and 50 bar H,,

the reformation of LiBH,; was confirmed by FTIR. The remarkable improvement on both the
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decomposition and recombination conditions of LiBH; within the sample was attributed to a
combination of the active species NbHy and NbB, in the decomposition reaction (shown in
equation 2.13) along with the function of F anions, high surface area carbon and nano-sized

LiBH4 particles.

2LiBH, + NbHy = 2LiH +NbB, + (3+*/2)H, (2.13)

2.8 The Challenge

As discussed in this section LiBH; shows great promise as a H, storage material and the
addition of high surface and porous carbon species are an effective way to reduce the
decomposition temperatures and pressures/temperatures associated with reformation.
Additional research is needed to further improve these required conditions and unlock the

full potential of LiBHj,.
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3 Aims

As outlined in the previous chapter LiBH; shows great promise as a hydrogen storage
material with reduced decomposition temperatures and improved reversibility achieved via
the addition of both high surface and high porosity materials. The key to unlocking LiBH,'s
full potential is reducing its decomposition temperature closer to that achievable on-board a
vehicle (100 °C, opposed to those required for bulk LiBH; of >400 °C) and improving its
hydrogen capacity over cycling. The aim of this thesis is to investigate the effect of stable
additives with varying microstructures and compositions on the storage properties of LiBH,.
This thesis will focus on the gravimetric storage capacity of these samples with the aim of

understanding the additives influences and effect on the decomposition pathway of LiBH,.

The research objectives are as follows:

* To investigate the effect of cheap and abundant ball milled graphite on the hydrogen
storage properties of LiBH,.

* To investigate the differing effect, if any, of LiBH4 ball milled with graphite under Ar
compared to graphite milled under H,.

* To investigate the effect of different porous materials on hydrogen storage
properties of LiBH,.

* Toinvestigate the different effects of porous vs non-porous additives to LiBHj,.

* To investigate the effect of non-reactive additives on the suppression of B,Hg

evolution during the decomposition of LiBH,.
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4 Experimental Methods

This chapter presents an overview of the experimental methods used for the work

presented in this thesis along with a brief description of the underlying theories.

The experimental procedure can be broken down into 4 sections as shown in Figure 4.1, the
experimental methods used at each stage are indicated. All measurements were repeated
at least twice to ensure presented results were accurate and replicable. Results presented
are from single measurements. Reported errors originate from the larger of intrinsic
measurement errors and an average of discrepancies between multiple measurements such

as a + 0.1 wt% variance in weight loss between multiple measurements.

4.2 Sample Preparation 4.3 Sample Characterisation
Ball-Milling - Melt-Infiltration XRD - Raman - BET - SEM
4.5 Characterisation of Reversibility 4.4 Characterisation of Decomposition
HTP - DSC - TGA-MS - XRD - Raman DSC - TGA-MS - XRD - Raman

Figure 4.1 Schematic Diagram of Characterisation Process

All handling of samples was carried out inside a glove box with an inert argon (Ar)

atmosphere (<2 ppm 0O;) to try to avoid any reactions with oxygen or moisture in the air.
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Samples were stored inside sealed Kilner jars inside the glove box. All samples were

loaded/unloaded inertly (under and Ar atmosphere) into each instrument for measurements

to be carried out.

4.1 Starting Materials

Table 1.1 shows a list of all starting materials including purity and particle size if known.

Table 4.1 List of starting materials used in this work

Material Particle Size  Source Purity Notes
Siema Two different batches were
Graphite 325 mesh g . >99.99% used for the Ar and H,
Aldrich .
milled samples.
Activated Carbon (YAO) 325 mesh Eurocarb
Zeolite Templated Carbon = CSIR*, SA A [ 172 (L e
et al., 2015)
P ili f
- Wafers 1-5mm  Intrinsiq orous St |?on warers
Porous Silicon . created using electro
long Materials . .
chemical etching
- Sigma
I <1 >989
Silicon nano powder 00 nm Aldrich 98%
. Sigma
LiBH - >959
P Aldrich %

*Council for Scientific and Industrial Research, South Africa.

4.2 Sample Preparation

All additives were first heated to 250 °C under a dynamic vacuum (10° bar) for 8 h to

remove any moisture within the as-received samples.
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Two samples were fabricated using the ball-milling preparation process, one milled under a
3 bar Ar atmosphere (as-prepared graphite Ar + LiBH;) and one milled under a 3 bar H,
atmosphere (as-prepared graphite H, + LiBH4). The two samples used two different batches
of Sigma Aldrich graphite (m325, >99.99%). Three samples were fabricated using the
following method, activated carbon+LiBH4, Zeolite templated carbon+LiBH; and porous
silicon+LiBH4. All samples were hand-mixed for 5 min inside an Ar filled glove box to create a

mixture of additive+LiBH4. A molar ration of 2:1 (additive:LiBH4 was used for all samples).

4.2.1 Ball Milling

Impact ball milling of graphite has been shown to be an effective way of producing
nanostructured hydrogenated graphite (Orimo et al., 1999; Chen et al., 2003; Fukunaga et
al., 2004; Huang et al., 2007; Zhang et al., 2009). In this work a Retsch Planetary PM400 Ball
Mill was used. Impact ball milling is a high energy process that provides an effective way of
both reducing particle size and forming hydrogenated graphite (Orimo et al., 1999; Zhang et
al., 2009). The planetary ball mill works by rotating the sun wheel in the opposite direction
to the rotation of the milling pots, (a schematic of the milling process can be seen in Figure
4.2) resulting in a high-energy impacts on the sample in between the milling ball and the wall

of milling pot.

Tungsten carbide (WC) was chosen as suitable milling media due to its inherent hardness,
giving rise to less contamination during milling, consequently only WC and cobalt (used as a
binder in the milling balls) can be considered as possible contaminants. As mentioned in

Section 2.4.3.1, contaminants from milling such as Fe can affect the storage capacity of
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graphite. To allow for a controlled study of the additives to LiBH, in this work, WC was used
to eliminate the possibility of Fe contamination. The 250 ml milling pot is fitted with a
pressure transducer allowing the pressure inside of the milling pot to be monitored. Figure

4.3 shows a photograph of the Tungsten Carbide milling pot.

Figure 4.2 Schematic Diagram of Planetary Ball Mill and Motion of Milling Pots and Balls

The milling conditions chosen for the graphitic samples were those used by (Zhang et al.,
2009) in order to maximise H, content whilst minimising CH,4 release (as discussed in Section
2.4.2). The graphite was weighed using a micro-balance accurate to +0.001 mg and sealed
inside the milling pot along with WC milling balls and removed from the glovebox; a mass
ratio of the milling balls to sample was 13:1. The pot was charged with 3 bar of H, or Ar. The
graphite was then subsequently milled for a total of 8 h at 280 RPM, however, in order to

avoid temperature build up from the energy intensive milling process the sample was milled
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periodically; 15 min of milling followed by 15 mill of rest. After each hour of milling, the
pressure inside of the pot was checked using a pressure transducer, if the pressure had

decreased to below 2.75 bar the pot was recharged to 3 bar.

After the graphite had been milled or 8 h, LiBH,; was added to the graphitic samples at a

molar ratio of (2:1) and the sample milled under for a further 2 h under the same conditions.

lch—I

Figure 4.3 Tungsten Carbide Milling Pot and Pressure Transducer with approximate scale bar
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4.2.2 Pre-Melting

The pre-melting of LiBH, into porous materials was carried out by first mixing LiBH; and the
porous material together in a pestle and mortar. The mixed sample was then sealed inside a
steel furnace tube and charged with 10 bar H,. The sample was then heated to 300 °C at
2 °C.min™ and held isothermally for 30 min before being cooled to room temperature. A
10 bar H, over pressure was chosen due to equipment limitations, however, a 3 bar H, over
pressure has been shown to suppress the deocmposition of LiBH, (Pinkerton et al., 2007).
Figure 4.4 shows a schematic diagram of the melt-infiltration apparatus. A 10 bar H, over
pressure acts to suppress the decompostion of LiBH4 to ensure the sample does not start to
decompose during the melt-infiltration process . In this work “melt-infiltration” will refer to
the process in which LiBH, is pre-melted under an over pressure of H, and cooled back to
room temperature in order to form an intimate mixture of LiBH; and a host material. Melt-
infiltration will not infer the successful confinement of LiBH; within the pores of a host

material.
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Figure 4.4 Schematic Diagram of the Melt-Infiltration Setup

4.3 Sample Characterisation

4.3.1 X-Ray Diffraction

4.3.1.1 Theory of X-Ray Diffraction and Bragg’s Law

Solid-state matter can be grouped into two broad categories: crystalline materials and
amorphous (non-crystalline) materials based upon the degree of long-range order. In an
amorphous material atoms are arranged in random positions, thus lacking any long-range

order. On the other hand, in crystalline structures atoms are arranged in a regular pattern,
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and can be described by the unit cell, the smallest repeating volume/arrangement of atoms.
Since the unit cell can be used to describe the atomic arrangement of any part of the
crystalline material, the crystal lattice can be constructed through translational stacking of

the unit cell.

X-ray diffraction is a non-destructive characterisation method that allows identification of
crystalline phases within a sample. X-rays are a high-energy form of electromagnetic
radiation with a wavelength comparable to that of the inter-planar distances of atoms
(~1 A). An incident beam of monochromatic X-rays can be elastically scattered (diffracted)
from planes of atoms on the surface of a sample if the conditions of Bragg’s Law are met,
Equation 4.1; where A =wavelength of incident X-ray, d = inter plane separation and

0 = incident angle, as shown Figure 4.5.

nA = 2dsinB (4.1)

Consider two X-rays incident upon a sample (A and A’) reflected by two adjacent planes of
atoms, constructive interference will occur if the two waves are in phase (i.e. the extra

distance travelled by A’ is equal to a an integer multiple of the wavelength, nA).

X-ray diffraction patterns are unique to each compound and thus can be used to identify

what phase(s) is present in a sample.
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Figure 4.5 Bragg's Law

4.3.1.2 Room Temperature Powder X-Ray Diffraction

Powder X-ray Diffraction (PXRD) allows X-ray diffraction patterns of samples in powder form
to be obtained. In the powder the crystallites can be orientated in any direction, therefore it
is assumed that are an infinite number of crystallites are orientated in an infinite number of
directions. Based on this assumption, all planes are orientated such that they can give rise to
X-ray diffraction. Analysis of XRD patterns allows both qualitative and quantitative phase
analysis, however, if the powder contains amorphous content, an internal standard must be

used to account for the undetectable phase(s).

All PXRD measurements in this work were carried out using a Bruker D8 Advance
Spectrometer with monochromatic Cu ka radiation (0.154 nm) and a Gobel mirror. Samples
were rotated during measurements to reduce the impact of a non-level surface. The X-ray

beam and detector both move around the sample as shown in Figure 4.6.
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Figure 4.6 Bruker D8 Advance diffractometer with a 7-position sample changer and dome cell sample holder

For room temperature measurements samples were sealed inside of an X-ray transparent
dome cell sample holder (as shown in Figure 4.6) whilst inside of the glovebox to eradicate
sample exposure to moisture and air. Scan times ranged from 25 min to 210 min depending
on the signal to noise ratio achievable for each sample due to amorphous/nanocrystalline
content. The alignment of the D8 diffractometer was checked daily before samples were
measured using an Al,O3 standard and the system re-aligned if necessary, ensuring an error

margin of £ 0.005 ° 26.

For XRD measurements of as-received PS, the sample was first ground by hand for 30 sec to
reduce the large flakes (¥2 mm in diameter) to a finer powder which could be made flatter

allowing for a better quality of measurement. An uneven sample leads to sample height
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variation across the surface resulting in artificial peak shifts and intensities (the ideal average

particle size for XRD analysis is 10-50 um (Pecharsky and Zavalij, 2009).

4.3.1.3 In-situ Powder X-ray Diffraction

The decomposition pathway of samples was studied using in-situ PXRD allowing XRD
patterns to be collected at increasing temperatures. An Anton Paar XRK900 XRD cell capable
of heating samples from room temperature to 900 °C under helium or hydrogen at pressures
ranging from 0 to 10 barg was used. The setup is shown in Figure 4.7. Typically, in-situ
decomposition measurements were carried out under 3 barg He with a proportional-

integral-derivative (PID) controlled flow with a heating rate of 2 °C.min™".
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Figure 4.7 Bruker D8 Advance diffractometer with a XRK900 sample cell

4.3.1.4 Phase Identification

Phase analysis and identification was carried out using the software package EVA in

conjunction with the PDF2 X-ray diffraction pattern database.

4.3.1.5 Crystallite Size

The crystallite sizes of graphite samples were calculated using the Scherrer equation
discussed in Section 2.4.1.4. The intrinsic broadening was calculated by measuring the X-ray
diffraction pattern of a highly crystalline corundum (Al,03) sample used for calibration, the

FWHM was calculated using peak fitting function in IGOR PRO. This value was subtracted
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from the FWHM calculated using the same fitting software for all graphite samples. The 002
peak was used to determine the crystallite size due to its dominant intensity proving a high

goodness of fit.

4.3.1.6 Partial Rietveld Refinement

Once phases have been identified Pseudo Rietveld refinement was carried out to calculate
the lattice parameters of each phase present. Partial Rietveld refinement can also give
guantitative phase analysis (Young, 1995), however this requires all phases in the sample to
be crystalline and thus detectable by XRD. In this work it is believed amorphous phases may
form upon decomposition of the samples (Reed and Book, 2009) and thus quantitative phase

analysis could not be considered accurate.

4.3.1.7 Pawley Refinement

Unlike a partial Reitveld refinement in which intensity is bound to the structure, in a Pawley
refinement the intensity is a free parameter and is not part of the fit (Cockcroft, 2006). A
Pawley refinement allows the determination of lattice parameters but since intensity is not
calculated, quantitative information cannot be inferred. For samples where obtaining a good
partial Reitveld fit is not possible due to over lapping peaks, Pawley refinement offers an

option to more accurately calculate the lattice parameters of phases present.

4.3.2 Raman Scattering Spectroscopy

4.3.2.1 Theory of Raman Scattering Spectroscopy
Raman scattering spectroscopy (Raman Spectroscopy for short) is a non-destructive

spectroscopic technique that provides identification of phases and information on the bond
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energies present in a sample and unlike XRD, Raman spectroscopy can be used to measure

samples in a variety of states such as liquid, amorphous or nanocrystalline (Zhang, 2012).

Raman spectroscopy is based on the premise of interactions between photons and matter,
which can result in either the photon being absorbed or scattered. Absorption spectroscopy
occurs when the energy of an incident photon is equal to that of the band gap between the
ground state and an excited state. If the energy of the photon is not equal to that of the

band gap then scattering may occur.

Infrared absorption spectroscopy uses a beam of photons with a range of frequencies that
can be absorbed whereas Raman spectroscopy uses a single wavelength laser. Raman
scattering occurs when an incident photon interacts with a molecule distorting (polarizing)
the electronic cloud around the nuclei forming a “virtual” short-lived state (Smith and Dent,
2005). Since the virtual state is instable, the electron cloud relaxes and emits a photon, it is
changes in the energy of the scattered photon relative to the incident photon that is

measured.

Most photons only polarize the electron cloud which requires a small amount of energy
resulting in the release of a photon with an energy equal to that of the incident photon, this

elastic scattering process is called Rayleigh scattering and is by far the most common.

If, however, the photon transfers enough energy to distort the electron cloud and induce
motion into the nuclei, then the energy of the scattered photon will differ relative to the
incident photon. This is referred to as Raman Scattering and is much weaker than Rayleigh

scattering with one in every 10°-10® photons scattering through this process.
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If the virtual state decays to a state above the initial ground state, then the emitted photon
will have a lower energy than the incident photon and is known as Stokes Raman scattering.
The opposite occurs when an excited molecule decays to a state below the initial state
resulting in the emission of a photon with a greater energy compared to that of the incident
photon and is called Anti-Stokes Raman scattering. A diagram of the different types of

scattering is shown in Figure 4.6.

Figure 4.8 Schematic diagram of the Rayleigh and Raman Scattering Processes

Conventionally, photons are characterised by their wavelength, however in vibrational
spectroscopy it is the interaction with the nuclei that is of interest hence it is easier to
characterise the detected photons by their wavenumber or frequency which is directly

proportional to their energy.
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4.3.2.2 Raman Spectroscopy

In this work, a Renishaw InVia Reflex Raman Spectrometer was used with a 488 nm
wavelength coupled with a 2400 lines/mm diffraction grating, a laser power of
approximately 2 mW (on the sample) was used. The laser is focused through a series of high
quality optics with the detected photons passing through a holographic notch filter removing
any photons with a wavenumber of < 100 cm™. Each day the system was aligned prior to use
with an internal neon light source and a silicon reference sample resulting in a measurement

error of £ 0.01 cm'l,

Samples were sealed inside of an Instec HCS621V sample cell inside of the glovebox. The cell
was then transferred to the spectrometer and an Ar flow of 100 ml.min™ introduced to the
cell. This process helps to avoid sample exposure to air to avoid any reactions with oxygen or

moisture.

4.3.2.3 In-situ Raman Spectroscopy & Temperature Calibration

The Instec HCS6271V sample cell contains a heating stage used to heat samples at a rate of
2 °C.min™. The actual temperature experienced by the samples was calibrated by measuring
materials with a well-defined and characterised phase change. The measured temperature
vs. ‘real’” was then plotted and a conversion equation calculated and applied to all in-situ

data.
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4.3.3 BET Specific Surface Area (N2 Adsorption Isotherms)

The Brunauer-Emmett-Teller (BET) method (Brunauer et al., 1938) is a widely used approach
for the characterisation of Specific Surface Area (SSA) of powders and porous materials

(Broom, 2011).

The BET method is an extension on the Langmuir theory in which an adsorbate is physically
adsorbed (for more on physisorption see Section 2.3.1) onto a surface of an adsorbent, but
instead of monolayer adsorption multilayer adsorption is simulated under the following

assumptions:

1. No interaction between neighbouring molecules with an infinite number of layers
possible

2. Adsorption occurs onto a flat energetically homogeneous surface

BET SSA measurements are typically made using N, adsorption isotherms at liquid nitrogen
temperatures (77 K). The shape of the adsorption isotherms is indicative of the surface
morphology and the number of layers adsorbed and can be characterised into 5 types of

isotherm (Branauer, 1945).

N, adsorption isotherms were measured using a Hiden Analytical Intelligent Gravimetric
Analyser (IGA) with BET SSA calculations carried out using the system software. Since the IGA
could not be loaded inertly. Samples were transferred from the glovebox in a sample vial
and only opened immediately before loading. Samples were sealed inside of the IGA furnace
tube and heated to 150 °C at 5 °C.min"" before being held isothermally for 60 min under a
vacuum (~10° mbar) to remove any moisture that may have been adsorbed onto the sample

surface during loading. The furnace was then removed and replaced with a liquid nitrogen
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Dewar allowing the sample to be cooled to -195 °C (78 K) and the N, adsorption isotherms to
be measured. Typical sample sizes ranged between 100-190 mg dependent upon the density

of the measured sample.

Figure 4.9 Hiden Analytical IGA setup for A) heating with furnace attached B) cooling with liquid nitrogen
Dewar attached

Software provided by Hiden Analytical was used to calculate the BET surface area and
associated errors, using a P/P, range of between 0.05 and 0.3; considered to be a valid range

for the BET equation (Broom, 2011).

90



Experimental Methods

4.3.4 Scanning Electron Microscopy - Energy Dispersive (X-ray) Spectroscopy

Scanning Electron Microscopy is a type of electron microscopy in which a focused beam of
electrons is focused on the surface of a sample. The electrons interact with the electron
clouds of atoms on the surface of the sample and are subsequently scattered. The scattered
electrons are detected and as the electron beam is scanned across the surface of a material,
it is possible to build an image of the topology of the sample surface based on the intensity
of detected scattered electrons at each point on the sample. The electron beam can cause
charge build up on the surface of the sample and as such only conductive samples can be
measured. Non-conditioning materials are coated with a thin conducting layer such as

carbon, gold, palladium or platinum prior to measurement (Watt, 1997).

When an incident electron hits an electron in an inner shell transferring enough energy to
eject the electron from the atom, a vacancy in the inner shell is left behind. An electron in a
higher energy state (an outer shell) is then permitted to relax, dropping down to fill the
vacancy in the inner shell and in the process it releases its excess energy in the form of an X-
ray (Goldstein, 2003). Since the atomic structure (and thus the discrete electron energy
levels) of each element is unique, the energy of emitted X-rays during electron
bombardment of the sample can be used to fingerprint what elements are present in a

material.

Since Energy dispersive X-ray Spectroscopy (EDS) relies on the interaction between incident
electrons and those in the electron cloud surrounding an atom, the size of the electron cloud

directly affects the probability of an interaction occurring. This means that light elements

91



Experimental Methods

such as H and Li which have 1 and 3 electrons in their clouds respectively, are much harder

to observe via EDS than Si which has 14.

A JEOL 7000F SEM with Oxford Inca EDS was used examine the surface and edge morphology
of porous silicon (PS). PS wafers were mounted on an aluminium stub using double-sided
carbon tape inside of an Ar filled glove box. In order to study the edge of a PS wafer, samples
were stuck perpendicular to the carbon tape and a minimal quantity of superglue used to fix
them in place, this step could not be carried out under inside of the glove box so samples

were prepared and transferred to the SEM as soon as the glue dried.

An Inca Oxford Energy Dispersive (x-ray) Spectrometer (EDS) was used in conjunction with a

JEOL 7000F SEM to probe the elemental composition of the porous silicon samples.

4.4 Characterisation of Decomposition

4.4.1 Thermo-Gravimetric Analysis

Thermo-gravimetric analysis (TGA) is a thermal analysis technique that measures the mass of
a sample as a function of temperature, allowing quantification of mass loss during a reaction
such as decomposition. TGA was used in conjunction with Mass Spectroscopy (Section 4.4.2

for further information) to identify the evolution of gases corresponding to the mass loss.

In this work a Netzsch Iris 209 TGA was used inside of an Ar filled glovebox (O, < 10 ppm).
The sample is placed inside of an Al,O3; sample holder and lid and placed onto the

microbalance, the lid contains a pin-size hole allowing any gas evolved from the sample to
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exit the system and flow to the MS for analysis. The system lid is then closed and Ar gas
flowed over the sample at 40 ml.min™’. Samples were heated to varying temperatures at a
heating rate of 5 °C.min™ unless stated otherwise. Figure 4.10 shows a schematic diagram of

the TGA.

Figure 4.10 Schematic diagram of Netzsch 209 TGA setup

The TG thermocouple was calibrated using high purity metals: KNOs, In, Bi, Sn, Pb and Zn.
CaC,04 was used to validate the thermocouple calibration (2 °C) and calibrate the
microbalance to £ 0.01 mg. To minimise the effect of background signals and increase the
sensitivity that can be achieved by the system, baseline measurements were taken under
the same heating conditions to be experienced by a sample and the result subtracted from

the measured run of the sample.
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4.4.2 Mass Spectrometry

Mass spectrometry (MS) allows for the identification of gas phases through the
measurement of the mass to charge ratio (m/z) of gas ions. In this work a Hiden Analytic HAL
IV Quadrupole Mass Spectrometer was used in conjunction with a TGA (see section 4.4.1) to

investigate what gases were released as function of temperature.

4.4.2.1 Quadrupole Mass Spectrometry

A quadrupole MS contains four rods each applied with a combination of a direct current (DC)
and a radio frequency (RF) alternating current (AC). The rods are arranged in such that they
can be considered as two sets of adjacent rods, with either set having the opposite polarity
to the other, as seen in Figure 4.11. By altering the magnitude of the AC and DC currents
applied to each set of rods, the electromagnetic field in between the rods can be
manipulated such that only specific ions with an m/z value within a set range may pass
through the quadrupole filter and continue to the detector, permitting the detection of pre-

selected gas ions.

The Hiden Analytic HAL IV Quadrupole Mass Spectrometer contains two types of detectors, a
Faraday cup and a Secondary Electron Multiplier. The Faraday cup is used for the detection
of large concentrations of gas such as the carrier gas Ar, whereas the Secondary Electron
Multiplier is much more sensitive and is used to detect lower concentrations of gas ions such

as H, and B,Hs.
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Figure 4.11 A schematic diagram of a quadrupole mass filter

In this work the following gas ion levels were monitored; hydrogen (m/z = 2, secondary
electron multiplier (SEM) detector), diborane (m/z = 26, SEM detector), oxygen (m/z = 32,
SEM detector), argon (m/z = 40, Faraday detector), water (m/z = 18, Faraday detector),
methane (m/z = 16, SEM detector) for graphitic samples and silane (m/z = 30, SEM detector)

for silicon based samples.

4.4.3 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a thermal analytical technique that measures the
heat flow to sample allowing investigation into phase transitions within a sample and

calculation of activation energies and enthalpies.

A reference sample and the sample to be measured are loaded into Al sample pans and
placed onto sensitive heat flow sensors connected to thermocouples. As the temperature of

the furnace is increased the temperatures of the two samples are measured. The
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temperature measured for the empty reference sample will increase linearly as expected,
however when a phase transition such as melting occurs in the sample, a process in which
energy is required to break bonds, the temperature will appear to remain constant as the
heat is used to break the bonds. After the phase transition is complete the temperature of
the sample increases. Based on the difference in temperature profiles of the sample and
reference the heat flow to the sample can be calculated. An exothermic peak will be seen for
transitions that release energy such as crystallisation. Figure 4.12 shows a simplified diagram

of the DSC setup.

Gas Flow
A

Reference Sample
v ) &

Heat Flow Sensors

Figure 4.12 Schematic diagram of differential scanning calorimetry setup

In this work a Netzsch Phoenix 204 HP DSC was used. The gas flow to the sample was
controlled using two mass flow controllers that allow a pressure gradient to be achieved
across them, such that the sample can be measured at fixed pressures under a constant flow
rate. Decomposition of samples was measured under 3 bar Ar with a constant flow rate of
100 ml.min™®. A constant flow is required to ensure no hydrogen over pressure develops

during the measurement, since this has been shown to suppress the decomposition process
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of LiBH4 (Pinkerton et al., 2007). Samples were heated to a variety of temperatures at a
constant heating rate of 5 °C.min™". The DSC is located inside of an Ar filled glove box (05 <
10 ppm) allowing inert loading/unloading of the sample. Samples were placed into an
aluminium sample holder and weighed prior to loading using a mass balance with a

sensitivity of £ 0.001 mg.

Due to the high sensitivity of the DSC system, calibration must be carried out regularly. This
is achieved by heating a series of high purity calibration samples that have a well-defined
polymorphic phase transformation (In, Bi, Sn, Pb and Zn) from which both the sample
temperature and heat flow sensitivity was calibrated resulting in a measurement error of
+2°C. In order to remove any background artefacts from the measured runs, baseline
measurements were taken using an empty sample pan under the same conditions required

for the sample measurement. Baselines were then subtracted from the measured run.

The bulk decomposition of LiBH,; could not be studied in this work using DSC-TG-MS due to
the foaming effect during decomposition. For comparison the DSC results published by Shao
et al. (2014) of the decomposition of bulk LiBH; heated to 550 °C at a heating rate of
5°C.min™" are used for comparison (see Figure 2.17). The onset of H, desorption was
identified to be 375 °C with peak H, desorption at 467 °C, no B,Hg evolution was observed

during decomposition in this work.
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4.5 Characterisation of Reversibility

4.5.1 Sieverts Method

The Sieverts method is a manometric method which uses the real gas law (Equation 4.2) to
calculate a change in volume from the de/increase in pressure of the system where p is the
pressure (Pa), V is the volume (m?), T is the temperature (K), Z is the gas compressibility, n is

the number of moles (mol) and R is the molar gas constant (JK ‘mol™) (Broom, 2011).
pV = nZRT (4.2)

Figure 4.13 shows a schematic diagram of the Sieverts apparatus. The system is first
evacuated by opening valves B and C, these valves are then closed and valve A opened,
pressurising Vi1 (of a known volume) to a set value that is measured by the manometer.
Valve A is then closed and valve B opened leading to decrease in the pressure read by the
manometer. This decrease in pressure is used to calculate the associated increase in volume
and thus the volume of the sample. The Sieverts apparatus allows for isothermal
decomposition and uptake measurements as a function of hydrogen over pressure, since H,

uptake/release can be measured as at a series of different pressures.
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Figure 4.13 A Schematic diagram of a Sieverts apparatus

4.5.2 Isothermal H; desorption/uptake

In this work a Hiden Analytical HTP was used to carried out isothermal desorption and
uptake measurements under hydrogen gas. Samples were placed inside a stainless steel
sample holder and weighed before being transferred into an inert carrier. The carrier was
placed inside of a portable glovebox that attaches to the HTP. The portable glovebox was
flushed with Ar for 1 h prior to the sample being removed from the inert carrier and loaded

into the HTP.
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After the volume of the sample had been measured, the sample chamber was charged with
100 bar H; and heated to 350 °C. Isothermal H, desorption isotherms were then recorded as

a function of decreasing pressure.

Hydrogen uptake measurements were carried out by first heating the samples to 350 °C and

the H; pressure increased in steps.

4.5.3 Cyclic uptake/degradation

The cyclic storage capacity of the samples was investigated by repeating isothermal
uptake/desorption measurements over 5 cycles. Samples were then removed from the HTP
using the portable glovebox for further analysis such as XRD (see section 4.3.1) and Raman

spectroscopy (see section 4.3.2). H, uptake measurements are accurate to + 0.1 wt%.
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5 Graphite (Ar) + LiBH4

In this chapter the hydrogen storage potential of LiBH; added to nanostructured graphite

ball milled under an Ar atmosphere is evaluated.

5.1 Characterisation of Graphite (Ar) + LiBH4

The starting materials, 8 h milled graphite (Ar) and as-prepared graphite (Ar) + LiBH; were

characterised by XRD, Raman Spectroscopy and N, adsorption isotherms (BET).

5.1.1 X-Ray Diffraction

Room temperature XRD patterns of the as-received materials, 8 h milled graphite (Ar) and
as-prepared graphite (Ar) + LiBH4 are shown in 5.1. The XRD pattern of as-received graphite
(5.1a) exhibits an intense peak 26.4° 20 due to reflections from the (002) plane within
graphite. The (002) peak is characteristic of crystalline graphite due to the stacking of

graphene layers perpendicular to the (002) direction.

After 8 h of ball milling the structure of the graphite can be seen to have changed, 5.1b. The
(002) peak can be seen to broaden and decrease in intensity as a result of milling under Ar,

this is a result of the reduction in the crystallite size of graphite and introduction of a
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nanocrystalline structure. This was confirmed by calculation of the average crystallite size in
the (002) direction via the Scherrer equation, results are shown in Table 5.1. It was not
possible to determine the crystallite size for the as-prepared graphite (Ar) + LiBH; sample
due to the number of LiBH, reflections in the region of the (002) graphite reflection making

peak fitting highly inaccurate with the software available.

A very small downshift shift in the location of the (002) peak is also observed corresponding
to an increase in the interlayer graphite separation which is associated with an increase in
the inter-layer spacing in graphite, however, Pawley refinements of as-received graphite, 8 h
milled graphite (Ar) and as-prepared graphite (Ar) + LiBH, are shown in Table 5.1 indicate no
change within errors in the size of the c parameter as a result of milling. Since these
calculations take into account alighment offsets, this small down shift is believed to be due
to an error in the alignment of the equipment. Ball milling for longer periods of time (40 —
150 h) has been shown to result in expansion of the graphite layers as discussed in Section

2.4.2.

As-received LiBH; (5.1c) showed reflections consistent with the low temperature

orthorhombic phase of LiBH, and no crystalline impurities.

The XRD pattern of as-prepared graphite (Ar) + LiBH; exhibits reflections from
nanostructured graphite and orthorhombic LiBH4 only indicating no additional phases were
formed as a result of the high energy ball milling process. No crystalline contamination such
as WC or Co was observed by XRD after the ball-milling process was detected via lab-based
XRD in any of graphite samples milled under Ar, inferring any contamination that did occur

was amorphous in nature or very low in quantity. Other experimental techniques with a
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greater level of sensitivity such as NMR would be required to rule out contamination in this
form. (Zhang et al., 2009) only saw WC contamination by lab based XRD after milling

graphite for 40 h using the same milling media under the same conditions.

The lack of new phases suggests ball milling of graphite+LiBH,; does not result in a solid-state
chemical reaction between the two phases offering an effective way of producing

nanostructured graphite and LiBH, mixture.

Table 5.1 Calculated c-direction lattice sizes from Pawley refinements and crystallite sizes calculated from
the Scherrer equation using a *shape factor of K= 0.9

Sample c-direction lattice parameter (A) *Crystallite size (nm)
As-received graphite 6.721 + 0.001 523+1.1
8 h milled graphite (Ar) 6.722 £ 0.002 13.0+3.7
As-prepared graphite (Ar) + LiBH, 6.727 £ 0.005 -

5.1.2 Raman Spectroscopy

The room temperature Raman spectra of the as-received materials, 8 h milled graphite (Ar)

and as-prepared graphite (Ar) + LiBH4 are shown in Figure 5.2.

The as-received graphite (Figure 5.2a) shows two prominent features, the G band located at
1580 cm™ and a split peak above 2700 cm™ known as the G’ band. Both features are

consistent with highly ordered pyrolytic graphite (Ferrari et al., 2006).
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Figure 5.2 Room temperature Raman spectra of (a) as-received graphite, (b) 8 h milled graphite (Ar), (c) as-
received LiBH, and (d) as-prepared graphite (Ar) + LiBH,. The D, G, D’, G’ and D+G bands are marked by the
black dashed lines (Ferrari et al., 2006). The [BH,] bending and stretching modes of LiBH, are labelled along

with the origin of each vibration

The Raman spectrum of graphite is significantly altered after 8 h of milling under Ar (Figure

5.2b) showing a new peak at 1357 cm™ consistent with the breathing mode of the

hexagonally arranged carbon atoms (A;z symmetry) known as the D band of graphite. As

discussed in Section 2.4.1.1 this band is forbidden by Raman selection rules becoming visible

due to the introduction of defects within the graphitic layers. The intensity of the G band can

also be seen to decrease with respect to the G’ which can no longer be described by two

lorentzian peaks. The shape of the G’ band resembles that seen in turbostratic graphite in

which the layers of graphite are stacked in random rotational orientations along the c axis

(Malard et al., 2009). Another defect induced band can be seen 1620 cm™ known as the D’

band.
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The Raman spectrum of LiBH, (Figure 5.2c) shows two prominent features corresponding to
the bending and stretching of the [BH4]" tetrahedral unit as expected for pure LiBH,.
Vibrations consistent with stretch of the [BH4] unit are observed in the as-prepared graphite
(Ar) + LiBH,4 sample (Figure 5.2d) along with the D, G, D’ and G’ bands of graphite seen in the

8 h milled sample.

The in-plane correlation length of average crystallite size (La) for each graphitic sample was
calculated using the generalised formula proposed by (Cangado et al., 2006) shown in

Equation 2.1 using a laser energy (E;) of 2.54 eV (A = 488 nm). Results are shown in Table 5.2.

The calculated crystallite size for as-received graphite is 103 £ 5 nm indicating the presence
of long-range order agreeing well with XRD analysis. After 8 h of milling the crystallite size
can be seen to significantly decrease to 12.1 + 0.2 nm indicating the introduction of a nano-
crystalline structure and loss of long-range order, as observed by XRD as a broadening and
reduction in intensity of the (002) peak. A further decrease in crystallite size is observed for

the as-prepared graphite (Ar) + LiBH,; sample resulting from the additional 2 h of ball milling.

Table 5.2 Location and peak area of the D and G bands of each graphitic sample from Figure 5.2

- D Peak G Peak -
Sample Location (cm™) Area(a.u) Location (cm™) Area(a.u) La(nm)
As-Received Graphite 1353 +8 3+1 1580.3 + 0.1 231 120 +3
8 h graphite (Ar) 1357.9+ 0.6 67+1 1580.9 + 0.3 61+1 12.3+0.4
As-prepared graphite
+ + + + +
(Ar) +LiBH4 1357.6 + 0.4 102+ 1 1584.6 + 0.5 77+2 10.1+0.3
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5.1.3 Nz Adsorption Isotherms & BET

Nitrogen adsorption isotherms were carried out on as-received graphite and 8 h milled
graphite (Ar) to investigate the BET surface area change as a result of ball milling under Ar,

as shown in Figure 5.3.

The total N, uptake of the as-received graphite is < 1 wt% at 950 mbar suggesting a low
surface area, whereas the 8 h milled graphite (Ar) sample exhibits superior N, uptake of
>25wt% at 950 mbar showing that the surface area of the graphite has significantly

increased.
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Figure 5.3 N, adsorption isotherms (-195 °C) for (a) as-received graphite, (b) 8 h milled graphite (Ar)

0 200

The BET surface areas for both the as-received graphite and 8 h graphite (Ar) isotherms were
calculated and are shown in Figure 5.4 and Figure 5.5. The BET surface area was determined

to be 15 £ 4 ng'l for dried as-received graphite, the erratic looking behaviour below
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p/n(p-po) (o/g)

p/po=0.1 is a result of temperature instability at the start and end of the experiment, but

does not impact the BET calculations significantly.

As a result of milling under Ar for 8 h the surface of the graphite increased dramatically (by
over a factor of 30) to 462 + 3 m’g™. This is large increase is due to the reduction in particle

size caused by the high-energy ball milling technique.

This result is consistent with the ball milling of graphite under Ar, Francke et al., 2005
reported a surface area of 400 m°g™ after milling for 10 h under 1 bar Ar.

700

T T T T T T T T T T

[W -184.7°Clso 02 Sorp
600 | | [2] -194.5°CIso 02 Deso -

500 |— -

400 |- -

200 (=

100 |=

-1000 |—

-2000 |—

-3000 |-

-400.0 = BET Analysis

No. Points = 22
From P/Po = 0.05to 0.30

-5000 — Molecular Area = 16.20E-20m*2 =
Gas = NITROGEN
Gradient =00131.27 gig
Intercept = 0105.130 gig
Monolayer = 0.004230 giy
C-constant = 0002.25
BET Area =0014.731
+03.486 m*y -

-600.0 |—

-7000 |-

1 1 1 1 1 1 1 1 1
i} 0100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.90(
Relative Pressure (p/po)

Figure 5.4 BET results for As-received graphite calculated from Figure 5.3a, the fit parameters are shown in
the bottom right corner of the graph
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Figure 5.5 BET results for 8 h milled graphite (Ar) calculated from Figure 5.3b, the fit parameters are shown in

the bottom right corner of the graph.

5.2 Thermal Decomposition

The thermal decomposition of as-prepared graphite (Ar) + LiBH4 was investigated using DSC

and TGA-MS shown in Figure 5.7. For comparison the 8 h milled graphite (Ar) was also

studied using DSC and TGA-MS shown in Figure 5.6.

During hearing of the 8 h milled graphite (Ar) sample no events were witnessed by DSC and
no hydrogen or methane detected as would be expected for the graphite milled under an

inert Ar atmosphere. The linear weight loss of 0.7 £ 0.1 wt% is attributed to inaccuracies in

the baseline correction during the measurement owed to the low density of the graphite.
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Figure 5.6 DSC-TGA-MS profile of 8 h milled graphite (Ar) heated to 500 °C at 5 °C.min ™" under 3 bar Ar with a
flow rate of 100 ml.min™

The DSC trace from the decomposition of as-prepared graphite (Ar) + LiBH, exhibits three
significant events, the first at 117 °C is the polymorphic phase transition of LiBH; from an
orthorhombic crystal structure to a hexagonal structure followed by the melting of LiBH, at
284 °C. The final event is the decomposition of LiBH,, the split peak nature of this event
indicates a two-step reaction and is consistent with DSC traces of the decomposition of bulk
LiBH4 (Shao et al., 2014). The decomposition can be seen to commence immediately after
melting at 290 °C with the two peaks occurring at 352 °C and 375 °C. This two-step
decomposition behaviour is consistent with that reported by (Reed and Book, 2009) in which
in-situ Raman spectroscopy identified the formation of Li,Bi,Hi; and amorphous Boron

during decomposition (see Section 2.6.2).
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The split peak coincides with both rapid weight loss and hydrogen release confirming that
the split peak observed by DSC is the decomposition of LiBH, within the sample. The onset of
bulk weight loss is 305 °C with a 4.2 £ 0.1 wt% loss between 330 °C and 380 °C, leading to a

total weight loss of 7.23 £ 0.1wt% by 500 °C.

The onset of hydrogen desorption is 150 °C with bulk hydrogen release occurring just after
melting between 300 °C and 400 °C. The hydrogen desorption profile appears as an
asymmetric peak with the maximum hydrogen intensity occurring at 364 °C. No pronounced
hydrogen desorption peak is observed in the region of LiBH; melting, a feature observed for

bulk LiBH,4 (Figure 2.17).

Very low quantities of diborane were detected between 200 °C and 300 °C, although the
signal to noise ratio is very low, a small desorption can be observed between the specified
range. Diborane is a highly reactive or ‘sticky gas’ and as such can stick to the walls of the gas
capillary line that connects the TGA to the MS. Consequently, the detection of a small
quantity of diborane can indicate a much larger desorption from the sample. Diborane has
been shown to thermally decompose above 250 °C (S6derlund et al., 2005) which offers an

another explanation for the low quantities.
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Figure 5.7 DSC-TA-MS decomposition profile of as-prepared graphite (Ar) + LiBH, heated to 500 °C at
5 °C.min™ under 3 bar Ar

XRD and Raman spectroscopy measurements were carried out on a dehydrided graphite
(Ar) + LiBH4 sample (desorbed at 400 °C for 30 min under 3 bar He). The XRD pattern of
dehydrided graphite (Ar) + LiBH4; (Figure 5.9b) shows reflections consistent with nano-
crystalline graphite and LiH, no other phases such as Li,Bi;Hi> were present in the XRD
pattern indicating that all LiBH; had decomposed into LiH, or that any Li,B;;H;; formed was
very low in proportion to LiH. No reflections from boron were observed, however, LiBH, is
known to decompose into LiH, amorphous B (a-B) and H, (Section 2.6.2). LiH has been shown
to react with nanostructured carbon and form Li,C, (Miyaoka et al., 2009, 2011). Although no

Li,C, was observed in the dehydrided graphite (Ar) + LiBH; sample a large increase in the size
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of the c-direction lattice parameter of 0.25 + 0.02 A was observed (calculated from a Pawley

refinement, results are shown in Table 5.3).

The Raman spectrum of dehydrided graphite + LiBH, (Ar) (Figure 5.10b) did not show any

new phases, with no significant shifts in the position of the G, D G’ and D’ peaks.

In situ XRD was used to help understand the decomposition pathway of the as-prepared
sample. The sample was scanned during heating to 400 °C at 2 °C.min™ and then cooled back
to room temperature, results are shown in Figure 5.8. cDuring heating, the LiBH; undergoes
a phase transition from an orthorhombic to hexagonal crystal structure between 100 °C and
125 °C as observed by DSC (Figure 5.7). At 280 °C reflections from LiBH, disappear as a result
of melting and the loss of long-range order in LiBH;. Reflections consistent with Li;B,0s
becomes visible in the absence of LiBH; with LisBOs; also forming at temperatures above
308 °C (onset of decomposition as seen by DSC), with both oxide phases present for the
remainder off heating and cooling. No intermediates or decomposition products of LiBH,
such as Li,B1,Hj; or LiH are observed, however reflections from LiH are weak due to the light

nature of the elements and overlap with reflections from Li3BOs.
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As the sample is heated the (002) graphite peak appears to shift linearly to lower 26 values
consistent with thermal expansion of the graphite lattice, followed by contraction upon

cooling.

5.3 Rehydrogenation study of Graphite (Ar) + LiBH4

An as-prepared graphite (Ar) + LiBH; sample was first dehydrided under 3 bar He at 400 °C
for 30 min before being rehydrided at 350 °C under 100 bar H, for 10 h using Sieverts

apparatus and characterised using XRD, Raman Spectroscopy, and DSC-TGA-MS.

5.3.1 X-ray Diffraction

The XRD pattern of rehydrided graphite (Ar) + LiBH4 has peaks consistent with orthorhombic
LiBH4, LiH and graphite confirming that LiBH; was successfully recombined under more
moderate pressures and temperatures compared to the lowest reported for bulk LiBH4
(350 °C and 155 bar H, (Mauron et al., 2007), recombination conditions were not optimized).
The presence of LiH indicates that not all LiBH4 was reformed during the 10 h hydrogen heat-
treatment. It is not possible to perform quantitative phase analysis on the de/re-hydrided
samples due to the nanostructure and amorphous content of the graphite along with the

potential existence of a-B as a reaction product from the decomposition of LiBH,.
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Figure 5.9 Room temperature XRD patterns of (a) as-prepared graphite (Ar) + LiBH,, (b) dehydrided graphite
(Ar) + LiBH, and (c) rehydrided graphite (Ar) + LiBH,. The location of reflections from LiBH,, graphite and LiH
are indicated by the solid black circles, solid black diamonds and the clear squares respectively. The ICDD
PDF2 database (2011) was used for phase identification

Table 5.3 c-direction lattice parameter determined by Pawley refinements for as prepared graphite (Ar) +
LiBH,4, dehydrided graphite (Ar) + LiBH, and rehydrided graphite (Ar) + LiBH,

Sample c-direction lattice parameter (A)
As-prepared graphite (Ar) + LiBH, 6.727 £ 0.005
Dehydrided graphite (Ar) + LiBH, 6.891 £ 0.018
Rehydrided graphite (Ar) + LiBH, 6.761 + 0.005

5.3.2 Raman Spectroscopy

Contrary to XRD results, the Raman spectra of rehydrided graphite + LiBH4 (Figure 5.10c)
showed no evidence of LiBH,4, no vibrations consistent with [BH4] stretching or bending were

observed. The relative intensity of LiBH, to graphite reflections observed by XRD can be seen
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to decrease in the rehydrided sample due to a lower LiBH4 content. This reduction in LiBH4
content also offers an explanation as to why the [BH;] stretching mode was not observed;
only a small peak was observed for this vibration in the as-prepared graphite + LiBH, (Ar)

sample.

D GD G D+G

(c) \_ﬂ R ‘_‘/\«-JMW
(b) \ L\ | R———

[BH.] Stretching

Intensity (a.u)

1000 1500 2000 2500 3000
Wavenumber (cm'1)

Figure 5.10 Room temperature Raman spectra of (a) as-prepared graphite (Ar) + LiBH,, (b) dehydrided
graphite (Ar) + LiBH,; and (c) rehydrided graphite (Ar) +LiBH, measured under 100 ml.min™ Ar

Table 5.4 Calculated G and D band peak fits and crystallite sizes for each graphitic sample calculated from
Raman Spectra in Figure 5.10

D Peak G Peak

Sample Location (cm™) Area Location (cm™)  Area La (nm)
Rehydrided graphite (Ar) + LiBH, 1357.1+05  79+1 1582.3£0.2 57+1 9.8+0.3
Dehydrided graphite (Ar) + LiBH,4 1358.6 £ 0.7 701 1580.0+£ 0.3 56+1 109x04
As-prepared graphite (Ar) + LiBH, 1357.6+0.4 102+1 1584.6 + 0.5 77+2 10.1+0.3
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5.3.3 DSC-TGA-MS

The decomposition of the rehydrided sample was investigated via DSC-TGA-MS as shown in

Figure 5.11.
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Figure 5.11 DSC-TGA-MS profile of the decomposition of rehydrided graphite (Ar) + LiBH, heated to 500 °C at
5 °C.min"" under 3 bar Ar flowing at 100 ml.min™

The DSC trace of the decomposition of the rehydrided samples exhibits 3 peaks, phase
change of LiBH, at 114 °C, the melting of LiBH4 at 250 °C and its subsequent decomposition
peaking at 352 °C, with decomposition complete by 400 °C. The change of peak shape and
reduction in temperature of melting seen by DSC are consistent with LiBH4 confined within
nanoporous and mesoporous carbon scaffolds (Liu et al., 2011; Zhang et al., 2007) (Section
2.7.4.5). The decomposition of LiBH4 occurs in the same temperature range as observed for
as-prepared graphite (Ar) + LiBH; with a total weight loss of 1.88 wt% by 500 °C. The

decomposition reaction no longer exhibits a clear split peak profile as seen for the as-
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prepared sample, however, the asymmetric peak shape suggests there maybe be
contribution from two peaks consistent with the observed decomposition of LiBH, in the as-
prepared graphite (Ar) + LiBH; sample suggesting the rehydrided sample decomposes via the

same two-step reaction.

No methane or diborane was detected within measurement limits during decomposition.
Suggesting that either the quantity of diborane was too small to be detected or the
decomposition mechanism of the LiBH, is different to that of the as-prepared sample. It is
also possible to conclude that all weight loss (1.9 £ 0.1 wt%) may be attributed to the
hydrogen desorption that starts shortly after melting at 270 °C with peak release

occurring 330 °C, 34 °C lower than peak hydrogen desorption from the as-prepared sample.

Taking a ratio of the wt% losses of the as-prepared sample and the rehydrided sample it is

possible to conclude that 37% of the initial LiBH; was successfully reformed.

5.3.4 Cyclic H2 Uptake Stability

The cyclic stability of the as-prepared graphite (Ar) + LiBH; sample was studied over 5 de/re-
hydrogenation cycles using a Sieverts apparatus to measure the isothermal H, uptake at
350 °C as a function of sample wt% and H; pressure, the results are presented in Figure 5.12.
The first absorption cycle results in an uptake of 2.9 £ 0.1 wt% which is equivalent to 40 %
recombination of the initial LiBH,; during the absorption cycle, which is comparable to that
achieved in ex situ rehydrogenation estimated from TGA mass losses. Analysis of the kinetic
data of the absorption isotherms reveals that the sample was still absorbing hydrogen at the

end of the cycle but the apparatus timed out, implying slow rehydrogenation kinetics of
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LiBH; within the sample. Over the next 4 cycles the graphite + LiBH; continued to lose
capacity, XRD data of the cycled sample (in a desorbed state) indicated the presence of
graphite, LiH and LisBOs; suggesting the loss in capacity is due to a combination of the

formation of a stable lithium borate and slow kinetics. After 5 cycles the H, uptake was 2.2 +

0.1 wt%.
1004
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& ;
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o i —— 2" Cycle (2.32 wt%)
D_ —
it ] —— 3" Cycle (2.28 w)
3 —— 4" Cycle (2.23 wi%)
20 —— 5" Cycle (2.20 wt%)
0 ;I T T T T I T T T T I T T T T I T T T T l T T T T l T T T T
0.0 0.5 1.0 15 2.0 25 3.0

H, Uptake (wt%)

Figure 5.12 Cyclic H, uptake isotherms of graphite (Ar) + LiBH; measured at 350 °C as a function of H,
pressure and uptake, the final H, uptake after each cycle is displayed

5.4 Discussion

Ball milling of graphite under an argon atmosphere for 8 h resulted in a large increase in
surface area from 15 + 4 m°g™ to 426 + 3 m°g" coupled with a the introduction of a nano-
crystalline/amorphous graphite mixture observed by XRD and Raman, behaviour consistent

with the literature (Francke et al., 2005). No new phases were observed by lab based XRD or
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Raman spectroscopy suggesting any contamination originating from ball-milling was low of

very low quantity.

DSC-TGA-MS showed no hydrogen evolution or DSC peaks for 8 h milled graphite (Ar) as
would be expected for non-hydrogenated graphite. However, the effect of the milled
graphite upon the decomposition of LiBH; was significant. The onset temperature of
hydrogen desorption was reduced to 150 °C and peak desorption 364 °C which is over 100 °C

lower than for pure LiBH4 (Shao et al., 2014).

Diborane was detected between 200 °C and 300 °C, as observed by Kato et al. (2010) who
reported that diborane is released from the hexagonal phase of LiBH; prior to
decomposition. The extremely low quantity of diborane detected may be due to the sticky
nature of the gas causing it to stick to the walls of the capillary and thus only a small amount

reaching the detector.

The total theoretical wt% of H, in the as-prepared sample is 8.80 wt%. The direct
decomposition of LiBH,4 into LiH, a-B and H; results in a theoretical weight loss of 6.60 wt%,
the as-prepared graphite (Ar) + LiBH, desorbed a total of 7.3 + 0.1 wt% of H, by 500 °C and
as such it can be postulated that all of the LiBH; decomposed into LiH, part of which then
continued to decompose into Li and H,. This was supported by the XRD pattern of
dehydrided graphite (Ar) + LiBH; which showed reflections from graphite and LiH only (any

amorphous or dis-ordered phases are not visible using this technique).

Pawley refinement of the dehydrided sample indicated an expansion in the c-direction of the
graphite crystal lattice of 0.13 A, corresponding to an increase in the interlayer spacing of

graphene sheets from 3.381 + 0.003 A to 3.446 + 0.009 A. This increase in the interlayer
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spacing is consistent with the intercalation of Li in between the graphene sheets of graphite
(Konar et al., 2015), both LiC,;7 and LiC3s have been shown to have average layer spacing in

the region of 3.46 A.

LiBH4; was successfully reformed in a dehydrided graphite (Ar) + LiBH; sample under 350 °C
and 100 bar H,. A total of 40 % was estimated to have reformed. Cyclic uptake data showed
a reduction in the H, capacity to 30 % of the initial value after 5 cycles. This reduction is
believed to be a result of a combination of slow kinetics confirmed by the presence of LiH in
the rehydrided sample and the formation of LisBOs, which acts a B and Li sink reducing the
quantity of B and Li available to react during recombination. Due to the amorphous nature
of the B and graphite in the sample it was not possible to estimate the quantity of LizBOs, LiH
and LiBH, in the cycled sample using phase analysis on the XRD measurements. Although the
LisBO5; reduces the quantity of LiBH,; in the sample, it has been shown to lower the

conditions required for decomposition and recombination of LiBH, (Ma et al., 2016).

Analysis of the re-hydrided sample indicates a reduction in the c-lattice parameter of
graphite to 6.761 + 0.005 A compared to that of the dehydrided sample (as-prepared sample
6.727 + 0.005 A and dehydrided sample = 6.891 + 0.018 A) indicating that the intercalated Li
re-hydrides to form LiH outside of the graphite layers and then eventually forms LiBHj,.
Based on these findings a possible decomposition pathway is proposed below in Equations

5.2 and 5.3.

Based on the findings in this chapter it is possible to propose a decomposition pathway. The
observation of B,He indicates that LiBH,; partially decomposes at 250 °C (Equation 5.2),

before then decomposing via a two-step reaction through the intermediate phase Li,B1,H15.
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The formation of Li,B1,H1, can either occur from the reaction with B,Heg (Equation 5.3) or the
direct decomposition of LiBH; (Equation 5.4). After which the remaining LiH then

decomposes forming lithium intercalated carbon (Equation 5.5).

LiBHs <> LiH + B + >/,H, (5.1)
LiBH; = LiH + BH; (5.2)
—->LiH + BzH5
2LiBH4 + 5B,Hg = Li,B1oH12 + 13H; (53)

&S LiH + B +3/5H,

LiBHg <> '/15Li,B1oH12 + °/6LiH + /15H, (5.4)
&S LiH + B +3/5H,

LiH + C ¢> LiCy + H (5.5)

The addition of graphite was also found to inhibit the foaming effect observed for the
decomposition of bulk LiBH4, an effect observed for other additives to LiBH; such as Cgo

(Ward et al., 2013) and zeolite templated carbons (Shao et al., 2015).

In situ XRD (Figure 5.8) did not help understand the decomposition pathway of the
as-prepared graphite+LiBH; sample as bulk decomposition proceeds after melting of LiBH,,
therefore intermediate decomposition products must crystallise out of the molten LiBH, for
diffraction to occur. No intermediates were observed. The presence of Li4B,0s and LisBOs in
the sample cooled to room temperature confirm that oxidation occurred during the
experiment, the origin of which was believed to be from the apparatus as no oxidation was

observed in XRD patterns of ex-situ dehydrogenated samples (Figure 5.9b). The colour of the
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sample’s surface was observed to change to a light grey from a carbon black on samples
containing the oxide phases, as such it is believed the oxidation occurred on the surface of

the sample.

Based on the absence of LisBO3 in the dehydrided and rehydrided samples (Figure 5.9) it can
be inferred that the graphite additive aids the decomposition and recombination of LiBH,. It
is believed the large homogeneous surface area provided by the graphite is believed to
promote nucleation the decomposition of LiBH,4 resulting in the reduction in decomposition

temperature.

Contrary to recent work by (Wang et al.,, 2016), no CH,; was detected during the
decomposition of as-prepared graphite (Ar) +LiBH4. The milling conditions used by (Wang et
al., 2016) were more energy intensive, 400 rpom and a ball to powder ratio of 40:1, compared
to 280 rpm and 40:1 in this work. As such the effects experienced by the graphite in the
same time period of 10 h will be enhanced for as result of the high energy conditions leading
to a greater number of induced defects and dangling C bonds available to react with H;

during heating, explaining why no CH, is observed in this work.

As discussed in Section 2.7.4.1.4, (Zhang et al., 2013) calculated that graphite fragments
inserted into the LiBH, interstitial sites as a result of ball-milling led to a reduction in the
decomposition temperature of LiBH;. This predicted behaviour provides a possible
hypothesis for the reduction in decomposition temperature along with the nature of the

interaction between nano-structured graphite and the origin of B,Hs.
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6 Graphite (H:) +LiBH.4

The purpose of this chapter is to investigate the hydrogen storage potential of a
hydrogenated graphite and LiBH; mixture synthesised via ball milling after work by Zhang et
al., (2012) reported an impressively high H, release of 9.3 wt% by 500 °C (Zhang et al., 2012)

(see Section 2.7.4.1.4).

6.1 Characterisation of As-prepared Material

The as-received starting materials, 8 h milled graphite (H,) and as-prepared graphite (H,) +
LiBH4 were characterised by a combination of RT XRD, Raman spectroscopy and BET analysis

of N, adsorption measurements.

6.1.1 X-Ray Diffraction

X-ray diffraction patterns of dried as-received graphite, 8 h milled graphite (H,) and as-

received LiBH4 and as-prepared graphite (H,) + LiBH4 are shown in Figure 6.1.
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The XRD pattern of dried as-received graphite exhibits 4 main peaks at 26.4°, 42.4°, 44.5°
and 54.5° 26 corresponding to reflections from the (002), (010), (011) and the (004) planes
respectively, as observed for crystalline graphite (identified using the ICSD PDF2 database).
The most intense reflection is from the (002) peak located at 26.4° 28, a result of the
stacking of graphene layers within graphite (Arnal et al., 2012). The 8 h milled graphite (H,)
shows the same reflections seen in the as-received graphite, but with lower peak intensities
and an increase in the peak widths, most notably on the (002). Both peak broadening and
reduction of intensity are consistent with the transformation of graphite from a crystalline

structure to an amorphous/nano-crystalline mixture (Orimo et al., 1999).

The XRD pattern of as-prepared graphite (H,) + LiBH; sample (Figure 6.1d) only exhibits
peaks consistent with orthorhombic LiBH, (o-LiBH4) and graphite indicating that no new
phases were formed during milling. The low intensity WC reflections are no longer clearly
visible, due to the presence of high intensity reflections from LiBH; in the same region.
Pawley Refinements were carried out on the XRD patterns of the graphitic samples to study
the c-direction lattice parameter at each stage of the synthesis process (since carbon atoms
sit at z=0.25 and z = 0.75 within the graphite lattice, c/2 is equal to the spacing between the
graphitic sheets). The results are shown in The crystallite size can be seen to reduce by a
factor of almost 5 after 8 h ball-milling in hydrogen, indicating destruction of long-range

order.

Table 6.1. No expansion in the c-direction was observed indicating no intercalation (of H
atoms between the graphite sheets) occurred during ball-milling. Additionally, the Scherrer

equation was used to calculate the average crystallite size (L) in the c direction (002) based
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on the width (FWHM) and peak position of the (002) peak, results are shown in The
crystallite size can be seen to reduce by a factor of almost 5 after 8 h ball-milling in

hydrogen, indicating destruction of long-range order.

Table 6.1. The crystallite size can be seen to reduce by a factor of almost 5 after 8 h ball-

milling in hydrogen, indicating destruction of long-range order.

Table 6.1 c-direction lattice size calculated for each graphitic sample by Pawley refinements, and crystallite
size of graphite calculated by the *Scherrer equation using a shape factor of K=0.9

Sample c-Direction Spacing (A) Crystallite Size* (nm)
As-received graphite 6.727 £ 0.001 523+1.1
8 h (H;) milled graphite 6.730 £ 0.005 13.0+3.7
As-prepared graphite (H,) + LiBH, 6.728 £ 0.002 -

6.1.2 Raman Spectroscopy

Raman Spectra of the as-received materials, 8 h (H,) milled graphite and as-received LiBH,4

and as-prepared graphite (H;) +LiBH,4 are shown in Figure 6.2.

The Raman spectrum of as-received graphite exhibits two intense peaks, the G mode
at 1581 cm™ consistent with the E,g stretching mode of pairs of sp” hybridised carbon atoms
(Ferrari and Robertson, 2000), and the G’ mode at 2720 cm™ a result of second order double
resonance scattering. Both modes are consistent with highly ordered pyrolytic graphite

(Ferrari et al., 2006).

The small narrow peak seen at 2320 cm™ is believed to be a measurement artefacts and not

indicative of the graphite. It has been observed in a variety of different samples.
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As a result of milling for 8 h, the intensity of the G band can be seen to decrease coinciding
with the appearance of the D and D’ bands 1352 cm™ and 1616 cm™, respectively. The D
band is a result of the breathing mode of Az symmetry (Ferrari and Robertson, 2000)
(breathing mode of the carbon rings) and is forbidden by Raman selection criteria in defect-
free graphite, only becoming active in the presence of sp3 bonding of carbon atoms. A
downshift in the position of the G band by ~4 cm™ indicates the introduction of strain in the

graphene sheets caused by the ball milling process (Roy et al., 2003).

The profile of the G’ peak in the 8 h milled graphite (H,) sample can be seen to change from
a split peak profile to a more symmetrical singular peak at2730 cm™. The G’ band in

turbostratic graphite can be described by a singular lorentzian peak located above 2700 cm™,

The Raman spectrum of as-received LiBH,4 Figure 6.2c exhibits two main groups of peaks,
consistent with bond stretching and bond bending of the [BH,4] tetrahedral as labelled on
the graph. The broad peak located between 2140 cm™ and 2200 cm™ are second order

phonons resulting from the bending modes of the [BH,]” unit (Reed and Book, 2009).

The Raman spectra of the as-prepared graphite (H,) + LiBH; (Figure 6.2d) only shows
vibrations from graphite, no bands consistent with [BH4] stretching or bending were
observed. Since the presence of LiBH; was confirmed by XRD measurements, it is possible
that the absence of [BH,4] is due to a lack of homogeneity within the sample. It is possible
that [BH4] stretching or bending modes would be detected if a larger sample surface area

was studied via Raman spectroscopy.
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Since the intensity of the G band is related to the number of sp” bonded C atoms, and the
intensity of the D band is proportional to the number of sp® and sp> bonded C atoms, it is
possible to estimate the crystallite size (L,). This was done for each graphitic sample was
calculated using Equation 2.2 (see Section 2.4.1.4) for laser excitation energy of 2.54 eV

(A = 488nm); results are shown in Table 6.2.

Table 6.2 Calculated G and D band peak fits and crystallite sizes for each graphitic sample calculated from
Raman spectra in Figure 6.2

D Peak G Peak
Sample Location (cm™)  Area(a.u)  Location(cm™)  Area(a.u) La (nm)
As-received 1356.9+£0.9 3.5+0.2 1578.4+0.1 269+0.1 103 +5
graphite
8 h milled 1352.2+£0.2 50.8+£0.4 1578.6 £ 0.1 455+ 0.4 12.1+0.2
graphite (H,)
Graphite+LiBH4 1352.2+0.3 65.6 £ 0.7 1579.1+0.2 48.1£0.8 9.9+0.2

The crystallite size L, (calculated from the Raman spectra) can be seen to drastically reduce
from 103 + 5nm to 12.1 + 0.2 nm after ball milling for 8 h under hydrogen. The addition of
LiBH4 and a further 2 h of milling, results in a small reduction in the crystallite size of the
graphite to 9.9 £ 0.2 nm. The crystallite sizes calculated from the Raman spectra follow the
same trend as those calculated from the XRD patterns shown in The crystallite size can be
seen to reduce by a factor of almost 5 after 8 h ball-milling in hydrogen, indicating

destruction of long-range order.

Table 6.1. However, the calculated crystallite size for as-received graphite is twice that of the

value estimated using the Scherrer equation.
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6.1.3 Nz Adsorption Isotherms & BET

Nitrogen gas adsorption isotherms were measured for both the dried as-received graphite
and 8 h milled graphite (H;), results are displayed in Figure 6.3a and Figure 6.3b respectively.
The as-received graphite can be seen to adsorb very little N,, 0.35 wt% at 950 mbar, whereas
the 8 h milled graphite (H,) sample can be seen to adsorb 8 wt% by 950 mbar indicating that
the milled sample has a larger surface area. BET analysis was carried out on each sample and

the results are shown in Figure 6.4 and Figure 6.5.

—=— Adsorption
—a— Desorption
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N, Pressure (mbar)

Figure 6.3 Isothermal Nitrogen adsorption measurements of (a) as-received Graphite (b) 8 h milled graphite
(H), at-195 °C

BET analysis indicated an increase in the surface area of the graphite from 4.0 + 0.1 m’g™

(Figure 6.4) to 150 + 1 m2g™ (Figure6.5) as a result of milling for 8 h under 3 bar H,. This
large increase in surface area is a result of the reduction in the average particle size due to

ball milling.
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Figure 6.5 BET results for 8h milled graphite (H,) calculated from Figure 6.3b, the fit parameters are shown in

the bottom right corner of the graph
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6.2 Thermal Decomposition

The thermal decomposition of the 8 h milled graphite (H,) and as-prepared graphite
(Hz) + LiBH,; were studied using DSC, TGA-MS and Raman spectroscopy and XRD with the aim

of understanding the effect of hydrogenated graphite upon the decomposition of LiBHj,.

6.2.1 8h Milled Graphite (Hz)

Figure 6.6 shows the DSC-TGA-MS profile of 8 h milled graphite (H,) heated to 900 °C
(except DSC which is limited to 500 °C). The DSC profile exhibits no endothermic or
exothermic peaks indicating that no reactions with fast kinetics occurred in the sample
during heating. TGA-MS results show a small gradual weight loss of 0.3 + 0.1 wt% between
400 °C and 900 °C coinciding with trace quantities of H, and CH, detection. The detection of
H, suggests that the graphite was hydrogenated to some degree during milling, but not to as
large an extent as reported by Zhang et al. (2012) (>2 wt% by 500 °C). The C-H bonding in the
8 h milled graphite (H,) sample could not be investigated in this work because the

interaction is very weak under visible light Raman spectroscopy (Ogita et al., 2004).
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Figure 6.6 DSC-TGA-MS profile of 8 h milled graphite (H,) heated to 900 °C at a rate of 5 °C.min™ under 3 bar
Ar with a constant flow rate of 100 ml.min™". The maximum temperature of the DSC is 500 °C.

6.2.2 As-prepared Graphite (Hz) + LiBHa

The thermal decomposition of the as-prepared graphite (H,) + LiBH4 was studied by DSC-
TGA-MS, shown in Figure 6.7. The DSC profile exhibits 3 distinct peaks, the first 114 °C is
attributed to the orthorhombic to hexagonal phase transition whilst the second 287 °C is a
result of the melting of LiBH4. The third peak is comprised of two peaks 371 °C and 393 °C
and is consistent with the decomposition of LiBH; (Shao et al., 2014). The two-step
decomposition pathway is consistent with previous DSC results, however, the onset of
decomposition within the as-prepared graphite (H,) + LiBH; sample occurs almost 100°C

lower than for bulk LiBH4 (Shao et al., 2014; Orimo et al., 2006).
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Figure 6.7 DSC-TGA-MS profile of as-prepared graphite (H,) + LiBH, heated to 500 °C at a rate of 5 °C.min™
under 3 bar Ar with a constant flow rate of 100 ml.min"

TGA-MS results of as-prepared graphite (H,) + LiBH4 heated to 500 °C (Figure 6.7) reveal the
onset of H, desorption to be 210 °C, with two distinct peaks. The first H, desorption is
centred around 287 °C coinciding with the melting of LiBH, seen by DSC and a weight loss of
> 0.5 wt% between 270 °C and 300 °C consistent with pure LiBH,; (Orimo et al., 2006). The
second H; desorption is a result of the decomposition of LiBH,; with peak H, desorption at
383 °C and a weight loss of 4.2 £ 0.1 wt% between 340 °C and 410 °C and a total weight loss
of 6.4 £ 0.1 wt% by 500 °C. Trace amounts of methane were detected in agreement with the
results for the 8 h milled graphite (H,) sample. Diborane was also detected with an onset of
160 °C with peak B,Hg desorption at 270 °C. Although the detected quantity of diborane is

low, a clear signal is visible. B,Hg release precedes H, desorption suggesting decomposition
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of LiBH,4 into LiH and B,Hg (Equation 5.2) is the initial decomposition reaction in the as-

prepared sample.

Direct decomposition of LiBH; into amorphous B (a-B), LiH and H, in the as-prepared
graphite (H,) + LiBH; sample would result in a theoretical weight loss of 6.6 wt% compared
to 4.8 wt% from complete decomposition into Li,B;,H;,. A total weight loss of 6.4 £ 0.1 wt%
measured by TGA suggests that if Li;Bi;Hi; forms during the decomposition of LiBH,4, this
intermediate compound continues to decompose into LiH, a-B and H,. This two-step
decomposition is consistent with the two-step reaction shown by DSC, the second
decomposition peak is at 393 °C corresponding to a mass loss of 5+ 0.1 wt%, further
supporting that the two decomposition reactions are a result of LiBH; decomposition first

into the intermediate Li,B1,H1> and then finally LiH, a-B and H,.

XRD patterns of dehydrided graphite (H) + LiBH,4 (Figure 6.9b) confirmed graphite and LiH as
the only crystalline products of decomposition. Raman spectroscopy measurements on the
dehydrided sample (Figure 6.10b) did not show any peaks consistent with Li,B1,H1,, a-B or
LiH. It is believed that modes consistent with these compounds may be hidden by the
graphitic modes with higher peak intensities, LiH is difficult to probe using Raman
spectroscopy due high levels of photoluminescence from visible and near-infrared lasers

(Acton, 2013).

A Pawley refinement of the XRD data was performed on the dehydrided sample calculated a
c-direction lattice size of 6.758 + 0.001 A (Table 6.3), an increase of 0.030 + 0.002 A

compared to the as-prepared sample.
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To help identify the decomposition pathway of the as-prepared graphite (H,) + LiBH, in situ
XRD measurements were carried out, Figure 6.8. The as-prepared sample was heated to
400 °C at 2 °C.min™ under 3 bar He flowing at 100 ml.min™* and XRD patterns were collected
during heating. Intense reflections from the sample holder made from Al,O5 are identified by

black circle markers and do not shift with temperature.

Upon heating, the LiBH,; under goes a phase change from o-LiBH,4 to h-LiBH; between 100 °C
and 125 °C, as shown by DSC measurements (Figure 6.7). At 280 °C the LiBH4 melts resulting
in a loss in long-range order and hence reflections from LiBH, are no longer observed. A low
intensity phase observed between 280 °C and 291 °C was identified as monoclinic LisB;0s
indicating oxidation had occurred. By 308 °C reflections from Li;B,0s disappeared and the
more lithium-rich, lithium borate (LizBOs) is observed and remains in the sample through the
remaining heating and cooling. Reflections consistent with LiH cannot be distinguished due

to over-lapping peaks from LizBOs.

The (002) peak of graphite does not shift linearly to lower 26 values with heating as would
be expected from thermal expansion of the graphite lattice. Expansion only occurs when
temperatures exceed 308 °C (near to the onset of LiBH; decomposition) where the (002)
peak can be seen to rapidly shift to lower 20 values. This behaviour is not observed during
cooling in which the lattice contracts linearly over the whole temperature range. These
results suggest the presence of LiBH,; in the graphite sample acts to oppose the thermal

expansion of the lattice as seen in previous work (Vines, 2013).
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6.3 Rehydrogenation Investigation

As-prepared graphite (H,) + LiBH; was heated to 400 °C under 3 bar He to form a dehydrided
sample. An attempt was then made to rehydride the sample, by heating at 350 °C under

100 bar H; for 10 h.

6.3.1 X-Ray Diffraction

Figure 6.9c shows the XRD pattern of the attempt to rehydride a dehydrided sample.
Reflections from crystalline LiBH,4, LiH and graphite are observed providing evidence that
LiBH4 has successfully been reformed under less extreme conditions than those reported for

pure LiBH4 (350 °C and 155 bar H, (Mauron et al., 2007)).
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Figure 6.9 Room temperature XRD patterns of (a) as-prepared graphite (H,) + LiBH,, (b) dehydrided graphite
(H;) + LiBH; and (c) rehydrided graphite (H,) + LiBH,. Reflections from graphite are indicated by the black
diamonds, LiBH, by black circles and LiH by hollow purple squares. The ICDD PDF2 database (2011) was used
for phase identification
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Pawley refinement calculations (Table 6.3) determined the c-plane lattice spacing of graphite
in the rehydrided sample to be 6.730 + 0.001 A, very similar to that of the as-prepared
sample indicating the c-plane spacing in graphite returns to its original value upon

recombination of LiBH, after the expansion observed for the dehydrided sample.

Table 6.3 c-direction lattice spacing calculated for as-prepared and de/rehydrided graphitic samples via the
Pawley refinement method

Sample c-Direction Spacing (A)
As-prepared graphite (H;) + LiBH,4 6.728 £ 0.002
Dehydrided graphite (H;) + LiBH, 6.758 + 0.001
Rehydrided graphite (H,) + LiBH, 6.730 £ 0.001

Quantitative phase analysis could not be performed on the rehydrided sample due to high
amorphous content of graphite and potential a-B. Based on the relative peak intensities of
the (101) LiBH, peak to the (002) graphite peak, an estimated 50 % of initial LiBH; was

successfully reformed.

6.3.2 Raman Spectroscopy

The Raman spectrum of rehydrided graphite (H,) + LiBH,4 (Figure 6.10c) is very similar to that
of the as-prepared and dehydrided graphite (H,) + LiBH4 with the D, G, D’ G’ and D+G bands
all present. The crystallite size of the rehydrided sample was calculated, and the results are

shown in Table 6.1.
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The crystallite size decreases after the rehydrogenation of the sample indicating that the
re/de-hydrogenation processes are potentially destructive to the graphitic microstructure.
As was observed for the as-prepared sample, the presence of LiBH,; could not be confirmed

by Raman spectroscopy, but was detected by XRD.

(

k [BH,] Stretching
Region
(©) - !

® (I Y (SR

Intensity (a.u)

-t
.

@ \\~ oMt *—-’No«ww-#/

1000 1500 2000 2500 3000
Wavenumber (cm™)

Figure 6.10 Room temperature Raman spectra of (a) as-prepared graphite (H,) + LiBH, (b) dehydrided
graphite (H,) + LiBH, (c) rehydrided graphite (H,) + LiBH, measured under 100 ml.min™ flowing Ar. The
location of the D, G, D’ G’ and D+G bands are indicated by the dotted black lines.

142



Graphite (H2) +LiBH4

Table 6.4 Calculated G and D band peak fits and crystallite sizes for each graphitic sample calculated from
Raman Spectra in Figure 6.10.

- D Peak G Peak -
Sample Location (cm™) Height (a.u) Location (cm™) Height (a.u) La (nm)
Graphite+LiBH4 1352.2+0.3 65.6 £ 0.7 1579.1+£0.2 48.1+0.8 9.9+0.2
Dehydrided 1354.7+0.4 71.0+£0.6 1580.8 £+ 0.2 50.5+0.7 9.6+0.2
Rehydrided 1351.3+0.2 945+0.4 1584.2 £ 0.2 58.1+0.7 8.3+0.1

6.3.3 Thermal Decomposition

The thermal decomposition of the rehydrided sample was studied using DSC-TGA-MS, Figure
6.11. DSC measurements show three endothermic peaks as seen during the heating of the
as-prepared sample. The orthorhombic to hexagonal phase transition decreases by 7 °C to
107 °C compared to the as-prepared sample along with a reduction in melting temperature
to 260 °C. The shape of the melting peak can also be seen to change from a lorentzian shape
to a broad asymmetric Gaussian. This result is consistent with LiBH4; nano-confined in porous

carbons as seen by Liu et al., (2011); Zhang et al., (2007).
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Figure 6.11 DSC-TGA-MS profile of rehydrided graphite (H,) + LiBH, heated to 500 °C at a rate of 5 °C.min"
under 3 bar Ar with a constant flow rate of 100 ml.min™
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Decomposition of the rehydrided sample still proceeds through a two-step decomposition of
LiBH4 as observed for bulk LiBH4 (Figure 2.17) and the as-prepared sample (Figure 6.7). The
onset of decomposition was also found to occur 30 °C lower (at 300 °C) compared to the
onset for as-prepared sample although completion of decomposition only finished 10 °C

lower in the rehydrided sample.

No H; or wt% loss was detected as a result of melting, suggesting the state of the LiBH,
within the sample has changed after cycling. A single asymmetric H, desorption peak was
observed with an onset of 265 °C and peak H, release at 369 °C concurrent with the second
step in the 2 step decomposition seen by DCS. A total of 3.0 + 0.1 wt% H, was desorbed by
500 °C implying that 46 % of the initial storage capacity was achieved after 10 h of
hydrogenation. No methane was detected during heating. Traces of diborane were detected

between 200 °C and 400 °C.

Since B,Hg was observed in both of the as-prepared and rehydrided samples as well as both
exhibiting decomposition through a two-step reaction with the majority of H, release

occurring during the second step, the decomposition pathways are believed to be identical.

6.3.4 Cyclic Hz Uptake Stability

The cyclic stability of the sample was studied over 5 de/re-hydrogenation cycles using a
Sieverts apparatus to measure the isothermal H, uptake at 350 °C as a function of sample
wt% and H, pressure, Figure 6.12. The low total H, uptake of the 1% cycle is a result of the
unintended exposure of the sample to 25 bar H, at 350 °C after dehydrogenation, resulting

in partial hydrogenation before cycling was commenced. The H, storage capacity of the
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graphite (H,) + LiBH; sample can be seen to decrease after each cycle, but appears to
stabilise around 1.8+ 0.1 wt% after 5 cycles. There is a large drop in the material’s H,
capacity from 73 % to 27 % of the initial capacity. XRD measurements on the cycled sample
(in a dehydrided state) indicated oxidation has occurred during cycling with intense
reflections from LisBO3; being observed, along with LiH and graphite. The oxide phase may be
responsible for the reduction in cyclic capacity. Quantitative phase analysis could not be
completed due to high amorphous content of graphite as a result of milling and potential

amorphous B from LiBH; decomposition, techniques such as quantitative NMR are required.
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Figure 6.12 Cyclic H, uptake isotherms of graphite (H,) + LiBH, measured at 350 °C as function of H, pressure
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6.4 Discussion

Ball milling of graphite under a H, atmosphere induces nano-crystallinity and defects into the
graphite lattice as confirmed by XRD and Raman spectroscopy measurements; this
behaviour is well documented in the literature (Orimo et al., 1999; Huang et al., 2007; Chen
et al., 2003; Zhang et al., 2009; Fukunaga et al., 2004). TGA-MS results of 8 h milled graphite
(H,) indicated a very small hydrogen desorption of 0.3 + 0.1 wt% when heated to 500 °C
which is 1.2 wt% less than that achieved by (Zhang et al., 2012) under the same milling
conditions. Three separate batches of sample were milled under these conditions with none
of the 8 h milled graphite (H,) samples desorbing >0.5 wt%. Since the presence of C-H
bonding could not be probed with the characterisation equipment available (UV Raman is
required to detect sp3C—HX vibrations (Ferrari and Robertson, 2001)) the term hydrogenated
graphite must be used with caution. Since hydrogen was successfully detected by MS during

heating of 8 h milled graphite (H,) the graphite can be considered partially hydrogenated.

The addition of partially hydrogenated graphite to LiBH; successfully lowered the
decomposition temperature of bulk LiBH4 by almost 100 °C, suggesting the graphite catalyses
the decomposition and recombination of LiBH4. The presence of diborane was confirmed by
MS; the onset of B,Hg desorption occurred just after the orthorhombic to hexagonal phase
transformation of LiBH; with peak desorption occurring just before melting, agreeing with
work by Kato et al. (2010) who found the majority of B,Hg was desorbed from the solid

hexagonal phase of LiBH,4. B,Hg is a possible intermediate in the decomposition of LiBH; and
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as such the H; released before bulk decomposition may originate from an interaction

between LiBH, and B,Hg (Equation 5.3).

The small quantity of H, detected during the heating of the 8 h milled graphite (H;) sample
allows for the assumption that any significant quantity of hydrogen desorbed from the as-
prepared sample originated from LiBH,4. The as-prepared sample desorbed a total of 6.4 wt%
H, (and trace B,Hg) by 500 °C through a two-step reaction consistent with the decomposition
of pure LiBHs. Only LiH and graphite were observed in the dehydrided sample with no
Li,B;,H;, detected at any stage. Pawley refinement on the XRD pattern of dehydrided
graphite (H,) + LiBH,; revealed an expansion in the c-direction from 6.728 +0.002 A to
6.758 + 0.001 A, suggesting possible formation of LiC;, (Konar et al., 2015) resulting from the

intercalation of Li in between the sheets of carbon atoms in the graphite.

In situ XRD measurements were unable to identify the presence of any intermediate phases
during decomposition with only reflections from oxide phases visible after the melting of
LiBH; as they crystallize out of the molten LiBH; during decomposition. As such the
intermediate decomposition pathway of the as-prepared graphite (H,) + LiBH4 sample could
not be confirmed, however, since a small quantity of B,Hs was detected before bulk
decomposition, it is possible the decomposition first proceeds through Equations 5.2 and 5.3
giving rise to the evolution of B,Hg and H; before rapid decomposition occurs through either
the decomposition of Li,B1,H1, formed from Equation 5.3 or Equation 5.4. Finally some LiH is

then believed to further decompose and intercalate within the graphite sheets, Equation 5.5.

Li and H are both very light elements resulting in a low cross section scattering factor; LiH

reflections have a low intensity in XRD. Along with the low levels of detected B,Hs and
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formation of LisBOs, this helps to explain why no LiH reflections are seen in the in situ data.
LizBO3; has been shown to catalyse the decomposition and recombination of LiBH4 improving

the reaction kinetics associated with each process (Ma et al., 2016), see Section 2.7.2.4.

Recombination of LiBH; was achieved at a lower pressure than has been so far reported for
LiBHs (Mauron et al., 2007) supporting the argument that the graphite acts catalyse the
decomposition and recombination of LiBH;. An estimated 46-50% of the initial LiBH; was

reformed under 100 bar H, at 350 °C.

Similar results were achieved in a graphite +LiBH, sample milled under Ar for 1 h (Fang et al.,
2010b). A decrease in the decomposition temperature of the LiBH, of 40 °C was observed,
with a total of 9.9 wt% desorbed by 500 °C from the LiBH, in the sample. Rehydrogenation
found to be possible under 100 bar H, at 400 °C, however, the cyclic capacity was also found

to reduce by over 70% after one cycle.
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7 Activated Carbon + LiBH;

In this chapter the hydrogen storage properties of LiBH,; added to activated carbon are
studied in order to help understand the influence on of pore structure and surface area of

materials added to LiBH4.

7.1 Characterisation of As-Prepared Sample

The starting materials, non-PM AC+LiBH; and PM AC+LiBH; were characterised by XRD,
Raman spectroscopy and N, adsorption isotherms with BET surface area analysis; PM=pre-

melted.

7.1.1 X-Ray Diffraction

Figure 7.1 shows the XRD patterns of AC, as-received LiBH4, non PM AC+LiBH; and PM
AC+LiBH,;. The XRD pattern of AC is as expected, two broad peaks consistent with the
amorphous structure of activated carbon. As-received LiBH; shows reflections consistent

with orthorhombic LiBH,4 (0-LiBH,), and no other crystalline phases.

After hand mixing, the non-PM AC+LiBH,; sample does not exhibit any new peaks, confirming

that hand-mixing of AC and LiBH,; does not result in any solid state reactions, but forms a
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mixture of the two materials. The intensity of the broad peaks produced by AC can be seen

to decrease due to the high relative intensity of reflections from o-LiBH,.

After the pre-melting process, the intensity of these broad peaks increases relative to those
of LiBH4 suggesting a change in the structure of mixture. A reduction in the long-range
ordering of the LiBH, due to potential confinement within the amorphous porous structure
of AC or coating of the surface of the AC scaffold offer explanations for this. No new phases
are seen after melt-infiltration indicating that hand-mixing of AC and LiBH, followed by pre-
melting under a H, back pressure is a viable way to produce a mixture of LiBH,; confined

within the structure of AC.
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Figure 7.1 Room temperature XRD patterns of (a) dried AC, (b) as-received LiBH,, (c) Non-PM AC+LiBH, and
(d) PM AC+LiBH,. Reflections consistent with LiBH, are indicated by the dashed lines and black circles. The
ICDD PDF2 database (2011) was used for phase identification
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7.1.2 Raman Spectroscopy

Figure 7.2 shows the Raman spectra of AC, as-received LiBH4, non PM AC+LiBH; and PM
AC+LiBH,. The Raman spectrum of AC shows two large peaks located at 1351 cm™ and
1600 cm™. The first peak was identified as the D mode of graphite, a forbidden Raman

transition only permitted in the presence of defects within the sheets of carbon atoms.

The Raman spectrum of as-received LiBH4 shows vibrations consistent with the bending and
stretching of [BH,4] tetrahedral units within LiBH,4 as labelled on the graph. After hand mixing
these vibrations are no longer visible in the Raman spectrum of Non-PM AC+LiBH,4, and
return after the pre-melting process providing evidence that the pre-melting process created
a homogeneous mixture of AC and LiBH,. It was not possible to estimate the crystallite size
of the AC as a good fit of the D and G band could not be achieved with the high contribution
from the D’ band and high intensity between the D and G/D’ peaks making peak fit analysis

with the available software tools impossible.
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Figure 7.2 Room temperature Raman spectra of (a) dried AC, (b) as-received LiBH,, (c) Non-PM AC+LiBH, and
(d) PM AC+LiBH,. The D, G, and D’ bands are marked by the black dashed lines. The [BH,]” bending and
stretching modes of LiBH, are labelled along with the origin of each vibration

7.1.3 Nz Adsorption Isotherm & BET

The nitrogen gas (N,) adsorption isotherm of AC was measured at -195 °C, Figure 7.4. The
AC sample was found to adsorb 42.9 wt% N, at 950 mbar. The adsorption data point at
65 mbar, 25.3 wt% does not fit with the adsorption trend due to an experimental error in
which the sample temperature did not reach -195 °C before the measurement was started.
BET analysis on the N, adsorption isotherm is shown in Figure 7.4. The BET surface area was
calculated to be 958 + 16 m’g?, which lies within the expected range for commercially

available activated carbons (500-1500 m?g™, (Varin et al., 2009) ).
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Figure 7.4 BET Analysis for dried AC calculated from Figure 7.3, the fit parameters are shown in the bottom
right corner of the graph
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7.2 Thermal Decomposition

The thermal decomposition of non-PM AC+LiBH; and PM AC+LiBH; were studied by DSC-

TGA-MS. PM AC+LiBH,4 was investigated further using XRD, Raman and in-situ XRD.

7.2.1 DSC-TGA-MS

7.2.1.1 Non-PM AC+LiBH4

The thermal decomposition of non-PM AC+LiBH,; was investigated by DSC-TGA-MS, results
are shown in Figure 7.5. The DSC profile closely resembles that for the decomposition of
bulk LiBH4 (Shao et al., 2014), 3 endothermic peaks corresponding to the orthorhombic to
hexagonal phases change at 117 °C, melting at 288 °C and finally decomposition of LiBH,
through a two step process ca. 380 °C. The two-step decomposition peak has minima at

376 °Cand 393 °C.

The TGA-MS trace reveals two regions of rapid weight loss, the first occurs between 270 °C
and 290 °C and results in a weight loss of 0.7 + 0.1 wt%. This mass loss coincides with the
melting of LiBH,; and the release of H, and trace quantities of B,Hg (4 orders of magnitude
lower than H;). The sample then continues to lose weight steadily up to 360 °C desorbing a
further 1 wt% H,. This sustained release is then followed by the second and largest H;
desorption peak at 393 °C, resulting in a further mass loss of 3.8 + 0.1 wt% between 360 °C
and 410 °C, after which the sample continues to slowly release H, desorbing a total of
7.5+0.1 wt% by 500 °C. If it is assumed that all wt% loss is attributed to H, evolution, 85%

of the total H, in the sample is desorbed by 500 °C indicating a significant improvement on
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bulk LiBH4 which desorbs less than half of its capacity by 500 °C (Zuttel et al., 2003; Yu et al.,

2010).

Although only trace quantities of B,Hs were detected, it is possible that larger quantities
were released during the decomposition. B,Hg is a sticky gas and can adsorb onto the surface

of the exhaust pipes, resulting in only a small quantity being detected.
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Figure 7.5 DSC-TGA-MS profile of Non-PM AC+LiBH, heated to 500 °C at 5 °C.min™" under 3 bar Ar with a flow
rate of 100 ml.min™

7.2.1.2 PM AC+LiBH4

The thermal decomposition of PM AC+LiBH4; was investigated by DSC-TGA-MS, results are
shown in Figure 7.6. The DSC profile exhibits the same three endothermic peaks, seen in the
DSC profile of non-PM AC+LiBH,4. The orthorhombic to hexagonal phase change at 117 °C,

melting at 285 °C and the two-step decomposition of LiBH4 ca. 389 °C with minima 386 °C
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and 400 °C. After the pre-melting process, the melting temperature of LiBH; was found to

decrease by 3 °C, whilst the location of the decomposition peak increased by 7-8 °C.

The TGA-MS trace reveals a single H, desorption 383 °C with an onset of 250 °C, 125 °C lower
than that observed for bulk LiBH4 (Shao et al., 2014). A total of 1.1 wt% is desorbed by 350 °C
at which point the sample starts to rapidly desorb H,, 3.5+ 0.1 wt% between 350 °C and
400 °C with peak H, desorption occurring at 383 °C, 10 °C lower than the non-PM AC+LiBH,,
The sample continues to release H, at steady rate, desorbing a total of 5.9 +0.1 wt% by

500 °C, 1.6 £ 0.1 wt% less than non-PM AC+LiBH4. On the other hand, no B,Hg was detected.
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Figure 7.6 DSC-TGA-MS profile of PM AC+LiBH, heated to 500 °C at 5 °C.min™" under 3 bar Ar with a flow rate
of 100 ml.min™
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7.2.2 X-Ray Diffraction

The XRD pattern of PM AC+LiBH; dehydrided at 400 °C under 3 bar Ar is shown in Figure
7.8b. No crystalline LiBH4 remains in the sample after heating to 400 °C, confirming that the
split peak seen in Figure 7.6 ca. 389 °C results from the decomposition of LiBH4;. After
dehydrogenation, reflections from LiH are present, along with weak reflections consistent
with LisBOs indicating partial oxidation of the sample during decomposition. No Li-C
compounds were observed. LisBO3 has been shown to improve decomposition and

recombination kinetics of LiBH; (Ma et al., 2016).

Taking into account the 5.9 £ 0.1 wt% H, desorbed by the PM AC+LiBH, coupled with the
presence of LiH in the dehydrided sample, it can be concluded that the majority of LiBH,4 in
the sample decomposed via reaction (2) in Table 7.1, with some LiBH,4 reacting with oxygen

to form stable LisBOs.

Table 7.1 Expected H, Desorption in wt% for different possible decomposition pathways of LiBH,

- Reaction Pathway H; Release (wt%)
(1) LiBH; = Li + B + 2H, 8.80
(2) LiBH; = LiH + B + 3/,H, 6.60
(3) LiBHs = °/6LiH + */1,Li;B12H12 + */15H, 4.77

7.2.3 Raman Spectroscopy

The Raman spectrum of PM AC+LiBH, dehydrided at 400 °C under 3 bar Ar is shown in Figure
7.9. No vibrations originating from the bending of stretching of [BH,] tetrahedral units are
seen in the spectrum, agreeing with XRD and DSC-TGA-MS that LiBH; within the sample

decomposed by 400 °C. No new peaks are present in the spectrum.
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The location of the D band in the dehydrided PM AC+LiBH,4 can be seen to down shift. This
weakening of the sp> C-C bond maybe be a possible side effect of LiH or B sat in vacant sites,

destabilising the C-C bonds.

7.2.4 In-situ X-Ray Diffraction

To further understand the decomposition pathway of LiBH, in the PM AC+LiBH, sample, the
sample was studied by in-situ XRD. The sample was heated to 400 °C at 2 °C.min™* and XRD
measurements taken a regular temperature intervals, results are shown in Figure 7.7.
Reflections from the Al,0; sample holder are marked by black circles. By 125 °C the LiBH4
can be seen to have undergone the orthorhombic to hexagonal phase transition observed by
DSC (Figure 7.6), reflections from hexagonal LiBH,4 (h-LiBH4) then persist up to 280 °C, their
linear down shift is attributed to the thermal expansion of the LiBH,4 lattice. Upon melting,
reflections from LiBH, disappear, as its long-range ordering is lost. Peaks consistent with the
oxide phase Lis B,Os are observed immediately after melting. Upon decomposition of the
LiBH4 at 325 °C, the more lithium rich LisBOs; and LiO, phases appear, and remain in the

sample through the remainder of the heating and cooling cycle.

It is clear that the sample heavily oxidised during decomposition, consequently the in-situ
XRD results do not offer much insight into the decomposition pathway of LiBH; within PM

AC+LiBHg,.
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On the other hand, no Li,B1;H1; was observed by Raman spectroscopy or XRD, and LiH was
identified by XRD. LiBH; was not found to react with the carbon scaffold, no Li,C, was
observed by XRD. It is therefore possible to conclude that LiBH; decomposes via reaction
pathway (1) forming LiH and amorphous Boron. The presence of amorphous B could not be
confirmed, however, its presence maybe implied by the formation of LiH and detection of

H,.
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7.3 Rehydrogenation investigation

PM AC+LiBH; was heated to 400 °C under 3 bar He to create a dehydrided sample, this
sample was then rehydrided at 350 °C under 100 bar H; for 10 h, resulting in the sample

referred to as rehydrided PM AC+LiBH,.

7.3.1 X-Ray Diffraction

The rehydrided PM AC+LiBH; sample was studied by room temperature XRD, Figure 7.8.
Strong reflections from o-LiBH; can be seen in the in the XRD pattern of rehydrided
PM AC+LiBH4 confirming the successful recombination of LiBH; under 350 °C and 100 bar H,.
Reflections from LiH are still present indicating that not all the LiBH; was successfully
recombined during the 10 h process. Small quantities of Li;BO3; were also identified. The B
contained within the oxide phase is unable to react with LiH within the sample to form LiBH,,
providing an explanation as to why some LiH remains in the rehydrided sample. As
previously discussed LisBO3; has been shown to improve the reaction kinetics of both
decomposition and recombination of LiBH4 (Ma et al., 2016) increasing H, uptake by a factor

of 3 under 400 °C, as such the presence of LizBO3; should not be ignored.
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Figure 7.8 Room temperature XRD patterns of (a) PM AC+LiBH,, (b) dehydrided PM AC+LiBH, and (c)
rehydrided PM AC+LiBH,. Reflections consistent with LiBH,, LiH and Li;BO; are indicated by black circles,
hollow purple squares and black triangles respectively. The ICDD PDF2 database (2011) was used for phase
identification

7.3.2 Raman Spectroscopy

The rehydrided PM AC+LiBH; sample was studied by room temperature Raman
spectroscopy, Figure 7.9. Although the presence of LiBH,; was identified by XRD, no
vibrations from [BH,] tetrahedral units are visible in the Raman spectrum of rehydrided PM
AC+LiBH, suggesting a lack of long rang order in the reformed LiBH4. A number of different
areas were measured by Raman spectroscopy on the rehydrided PM AC+LiBH4, none of

which showed vibrations from LiBHa.
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Figure 7.9 Room temperature Raman spectra of (a) PM AC+LiBH,, (b) dehydrided PM AC+LiBH, and (c)
rehydrided PM AC+LiBH,. The D, G, and D’ bands are marked by the black dashed lines. The [BH,] bending
and stretching modes of LiBH, are labelled along with the origin of each vibration

7.3.3 DSC-TGA-MS

The thermal decomposition of rehydrided PM AC+LiBH4 was investigated by DSC-TGA-MS,
Figure 7.10. The DSC trace exhibits 3 endothermic peaks, the phase change from o-LiBH, to
h-LiBH, at 117 °C, the melting of LiBH,4 at 266 °C and a singular asymmetric peak associated
with the decomposition of LiBH; commencing immediately after melting with a minima

at 353 °C.

The onset of H, desorption occurs at 250 °C coinciding with the onset of melting and the
onset of wt%. H, desorption reaches its peak value at 338 °C with the sample desorbing

2.1 wt% by 370 °C, followed by a sustained H; release as seen for both PM AC+LiBH, and
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non-PM AC+LiBH,4 resulting in a total of 3.4 £ 0.1 wt% H, being desorbed by 500 °C. No B,Hg

was detected during decomposition.

Compared to PM AC+LiBH,4, LiBH; in the rehydrided sample melts over 20 °C lower,
consistent with LiBH,; confined within CMK (Zhang et al., 2007). Peak H, desorption also
occurs 45 °C lower suggesting the state of the LiBH, in the rehydrided sample is different to

that of as-prepared PM AC+LiBHj,.

By comparing the total wt% loss of PM AC+LiBH,; and the rehydrided sample, 59% of the
total LiBH; was reformed at 350 °C and 100 bar. The lowest conditions reported for

recombination of bulk LiBH, is 350 °C and 155 bar H, (Mauron et al., 2007).
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Figure 7.10 DSC-TGA-MS profile of rehydrided PM AC+LiBH, heated to 500 °C at 5 °C.min" under 3 bar Ar
flowing at 100 ml.min™

164



Activated Carbon + LiBH4

7.3.4 Cyclic Uptake
The cyclic stability of the sample was studied over 5 re/de-hydrogenation cycles using a
Sieverts apparatus to measure isothermal H, uptake at 350 °C as a function of the sample

weight and H; pressure, Figure 7.11.

After 5 cycles, the sample was found to absorb 2.3 + 0.1 wt% H,, corresponding to 38% of
the original capacity identified by TGA. The capacity was found to steadily decrease over
cycling indicating degradation of the sample occurred. It is also evident from the isotherms
that the sample was still absorbing H,, this offers an explanation for the reduced capacity
observed after one cycle, compared to that achieved by external hydrogenation (Figure
7.10). The shape of the adsorption isotherm suggests the rehydrogenation process is
kinetically limited with the isotherm appearing to reach an adsorption plateau at 95 bar H..
A two-step rehydrogenation process may also be inferred with two distinct adsorption
gradients above and below 50 bar H,. The first adsorption step corresponds to a H, uptake of

1+ 0.1 wt% and is most likely a result of the reformation of LiH from fully decomposed LiBH,.

7.4 Discussion

The pre-melting of AC + LiBH,; has been shown to produce a homogenous mixture of the two
compounds without the formation of any new phases as well as to suppress the release of
B,He and H, upon melting. It is possible that the pre-melting process results in a layer LiBH,
coating the surface of the activated carbon and becoming confined within its amorphous

pore structure altering the decomposition mechanism of LiBH; compared to bulk LiBH,).
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Figure 7.11 Cyclic H, uptake isotherms of PM AC+LiBH,; measured at 350 °C as a function of H, pressure and
uptake, the final H, uptake after each cycle is displayed

These results suggest that eliminating hydrogen evolution at melting helps to prevent B;Hg
release and consequently that the two events are linked. With the absence of B;Hg
production during the decomposition of PM AC + LiBHy, it is clear the initial reaction pathway
differs after the pre-melting process but both samples release the majority of their H,
through a two step reaction (as shown by DSC) consistent with the decomposition of bulk
LiBH4 just below 400 °C. The proposed decomposition pathway for the non-PM AC + LiBH,4
sample is shown in Equations 5.1 and 5.2, whilst the decomposition pathway for PM AC +

LiBH4 is shown in Equation 5.3.

The higher wt% loss observed for the non-PM AC + LiBH,; sample can be attributed to the
further decomposition of LiH into Li and H, with a small contribution from the production of

the heavier B,Hg desorbed upon melting or the decomposition of LiH into H,.
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The addition of the activated carbon to LiBH, is also shown to reduce the temperatures and
pressures required to recombine LiBH; to more moderate conditions of 350 °C and 100 bar
H,, with close to 60% (Figure 7.10) of its desorbed capacity being restored over 10 h. The loss
in capacity is believed to be due to a combination of slow kinetics indicated by H, absorption
isotherms and presence of LiH in the rehydrided sample and also the formation of the stable

oxide phase Li3BOs3, which was shown to form upon melting by in-situ XRD Figure 7.7.

No CH; was detected during decomposition indicating no chemical reaction took place
between the AC additive and LiBH; during decomposition. Consequently the destabilisation
of LiBHs must come from an interaction between the surface of the AC and LiBH,4, such as
the confinement of LiBH,; inside the amorphous pores that in turn induces nano-sizing
effects or an interaction directly with the surface of the AC. The pre-melting of the
AC + LiBH4 mixture under a H, over pressure appears to suppress the release of H, and B,Hg
upon melting, this behaviour has been observed for LiBH; confined within porous scaffolds
(Liu et al., 2011). As discussed above XRD and Raman spectroscopy on the PM AC + LiBH,4
sample showed evidence for the creation of a homogenous mixture which maximises the AC
surface to LiBH; contact which further enhances the proposed destabilising surface

interactions.

When comparing the DSC-TGA-MS profile of as-prepared and rehydrided PM AC + LiBH,4
(Figure 7.6 and Figure 7.10 respectively) it is clear that the both the melting and
decomposition of the reformed LiBH; occurs much lower than in the as-prepared sample.
Melting occurs 19 °C lower in a small asymmetric peak followed by a single asymmetric

decomposition peak at 353 °C almost 50 °C lower than for the as-prepared sample. These
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large observed reductions infer that the LiBH; is in a different state in the rehydrided
sample. This behaviour has been observed for LiBH; confined within nanoporous carbon
(Zhang et al., 2007) indicating that the reformed LiBH; is nano-sized and thus maybe

contained within the amorphous pore structure of the AC additive.
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8 Zeolite Templated Carbon + LiBH4

In this chapter results of work on LiBH; pre-melted into a zeolite templated carbon to
investigate the effect of a high surface area, highly porous and carbon scaffold with a
defined pore structure on the hydrogen storage properties of LiBH; are presented and

discussed.

8.1 Characterisation of As-Prepared Sample

The as-received materials, Non-PM ZTC+LiBH4 and PM ZTC+LiBH,4 were characterised by XRD,

Raman spectroscopy and N, adsorption isotherms (BET); PM=pre-melted.

8.1.1 X-ray Diffraction

Room temperature XRD patterns for the as-received LiBH,, dried ZTC, Non-PM ZTC+LiBH,4
and PM ZTC+ LiBH4 are shown in Figure 8.1. The XRD pattern of as-received ZTC (Figure 8.1a)
exhibits a single peak located at 6.4° 20 corresponding to the presence of long range

ordering within the amorphous structure with a periodicity of 1.2 nm (Paredes et al., 2005).

As-received LiBH4 (Figure 8.1b) showed reflections consistent with the low temperature
orthorhombic phase of LiBH; and no crystalline impurities. The hand-mixing of ZTC and LiBH,4
results in a physical mixture of the two materials, as indicated by the presence of reflections

of both ZTC and o-LiBH, in the pre-infiltrated sample (Figure 8.1c).
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After pre-melting of the hand mixed ZTC + LiBH; at 300 °C under 10 bar H,, all peaks
associated with o-LiBH,; can be seen to have disappeared indicating that the LiBH, lost its
long-range order (Figure 8.1d). The long-range order of the ZTC can also been seen to
decrease after melt-infiltration, shown as a significant reduction in the intensity of the peak

6.4° 26.

A small peak located at 10.6° 20 is present after melt-infiltration, corresponding to a d
spacing of 0.9 nm. It is therefore possible to conclude that this peak does not arise from ZTC,
intercalation of LiBH; within the ZTC structure would result in a downshift to larger d

spacing. The origin of this peak could not be identified.
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Figure 8.1 Room temperature XRD patterns of (a) ZTC, (b) As-received LiBH,, (c) non-PM ZTC+LiBH, and (d)
PM ZTC+LiBH,. Peak identities are indicated by dashed lines and markers; black circles signify reflections
from o-LiBH,4 and the black square a reflection from the ZTC. The ICDD PDF2 database (2011) was used for
phase identification
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8.1.2 Raman Spectroscopy

Raman spectra of the as-received LiBHg, dried ZTC, non-PM ZTC+LiBH; and PM ZTC+LiBH, are
shown in Figure 8.2. The Raman spectrum of dried ZTC shows two broad peaks located
at 1350 cm™ and 1600 cm™. The first peak is consistent with the D band of graphite and
forbidden in defect free graphite originating from the breathing mode of the carbon rings,
whilst the second peak can be attributed to a combination of the G and D’ bands of graphite
which originate from the E; stretching mode of pairs of sp2 hybridised carbon atoms (Ferrari
and Robertson, 2000) and second order double resonance scattering respectively. The

Raman spectrum of dried ZTC resembles that of activated carbon Figure 6.2a.

The Raman spectrum of as-received LiBH, Figure 8.2b exhibits two main groups of peaks,
consistent with bond stretching and bond bending of the [BH,4] tetrahedral anion as labelled
on the graph. The broad peak located between 2140 cm™ and 2200 cm™ are second order

phonons resulting from the bending modes of the [BH;]™ unit (Reed and Book, 2009).

Once added to the ZTC, LiBH, is no longer visible by Raman Spectroscopy, even though its
presence is confirmed by XRD (Figure 8.1c). This is believed to be a result of carbon’s higher
cross-sectional scattering factor compared to that of LiBH,, the low intensity [BH,4] stretching
and bending modes are hidden behind the higher intensity scattering from ZTC (this is the

same as seen with the graphite (Ar) + LiBH4 sample (Figure 6.2d)).

After infiltration the peak visible at 1600 cm™ resulting from the G+D’ bands appears to
downshift to lower wavenumbers, suggesting a destabilisation in C-C bonding within the

ZTC.
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The small narrow peak seen at 2320 cm™ is believed to be a measurement artefact and not
indicative of the ZTC sample. It has been observed in a variety of different samples. Peak
fitting of the D and G bands in the ZTC samples could not be carried out due to the high

background between the two bands (1400-1500 cm™) makeing peak fitting inaccurate.
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Figure 8.2 Room temperature Raman Spectra of (a) ZTC, (b) LiBH,, (c) Non-PM ZTC+LiBH, and (d)
PM ZTC+LiBH,. The D, G, D’, G’ and D+G bands are marked by the black dashed lines. The [BH,] bending and
stretching modes of LiBH, are labelled along with the origin of each vibration

8.1.3 Nz Adsorption Isotherms & BET

A nitrogen gas adsorption isotherm was measured for as-received ZTC, Figure 8.3. The ZTC
was found to adsorb an impressive 123 wt% N, at -195 °C under 950 mbar N,, indicating a
very large surface area. BET surface analysis was carried out on the N, adsorption isotherm
in Figure 8.3, results are shown in Figure 8.4. The BET surface area of dried ZTC was

calculated to be 2745 + 32 m%g™, as expected for ZTCs (Nishihara et al., 2009).
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Figure 8.4 BET analysis of the ZTC N, adsorption isotherm shown in Figure 8.3, fit parameters are shown in
the bottom right corner of the graph
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8.2 Thermal Decomposition

The thermal decomposition pathway of non-PM ZTC+LiBH; and PM ZTC+LiBH, were
investigated through DSC-TGA-MS, with PM ZTC+LiBH,4 further investigated using XRD and

Raman spectroscopy.

During the decomposition of both infiltrated and non-infiltrated ZTC+LiBH,; samples, no
foaming (which is synonymous with thermal decomposition of LiBH;) was observed. This is
consistent with LiBH; mixed with the high surface materials and scaffolds reported in this
thesis. This phenomenon has also been observed in other works in which LiBH; has been

nano-confined in ZTC (Shao et al., 2015).

8.2.1 Non-PMZTC + LiBH4

The thermal decomposition of non-PM ZTC+LiBH,; was investigated by DSC-TGA-MS, shown
in Figure 8.5. The DSC trace shows three main endothermic events, the first at 115 °C is
consistent with the phase transition from orthorhombic LiBH, (0-LiBH4) to hexagonal LiBH,
(h-LiBH,4). The second feature is comprised of three peaks, two endothermic peaks located at
281 °C and 287 °C followed by a sharp exothermic peak at 289 °C. The third feature is a
broad split endothermic peak with minima at 341°C and 361 °C, consistent with the peak

shape for the decomposition of bulk LiBH4 but more than 100 °C lower.

The TGA-MS profile of non-PM ZTC+LiBH, indicates the onset of hydrogen desorption to be

200 °C resulting to a small mass loss of 0.4 £ 0.1 wt% between 200 °C and 280 °C.
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The sample then desorbs H, rapidly around melting (280 °C) with an observed mass loss of
2.1+ 0.1 wt% occurring between 280 °C and 320 °C. The rate of wt% loss then increases as
bulk decomposition of LiBH, takes place (as indicated by DSC) with peak H, desorption
at 340 °C, corresponding to a weight loss of 3.7+ 0.1 wt% between 320 °C and 370 °C.
Overall non-PM ZTC+LiBH,4 desorbs over 7.2 + 0.1 wt% H, by 500 °C. A very small quantity of
diborane was detected during decomposition, with the same onset temperature as H,
suggesting the B,Hg might play a role in the decomposition pathway. Previously, B,Hg has
been shown to release during the orthorhombic to hexagonal phases change of LiBH,4, not in

the region of melting (Kato et al., 2010).
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Figure 8.5 DSC-TGA-MS profile of Non-PM ZTC+LiBH, heated to 500 °C at 5 °C.min"" under 3 bar Ar with a flow
rate of 100 ml.min™

8.2.2 PMZTC + LiBH4

The thermal decomposition of PM ZTC+LiBH,; was initially investigated by DSC-TGA-MS,

shown in Figure 8.6. The sample can be seen to desorb 5.8 + 0.1 wt% by 500 °C with 1.2 £
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0.1 wt% desorbed by 310 °C, followed by a rapid weight loss of 3.4 +0.1 wt% between
310 °C and 370 °C in conjunction with a large hydrogen desorption at 335 °C. The onset of

hydrogen desorption occurs at an impressively low 130 °C.

The DSC trace of PM ZTC+LiBH,; shows a single asymmetric endothermic peak with a
minimum ca. 342 °C. This peak endothermic peak corresponds to a significant weight loss
and large hydrogen desorption and can therefore be attributed to the decomposition of
LiBH4 within the sample. No peaks consistent with a phase change or melting observed for

pure LiBH; were observed. No diborane was detected during decomposition.
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Figure 8.6 DSC-TGA-MS profile of PM ZTC+LiBH,4 heated to 500 °C under 3 bar Ar with a flow rate of
100 ml.min™

With the aim of further understanding the decomposition pathway of PM ZTC + LiBH,, room

temperature XRD and Raman spectroscopy measurements were carried out on dehydrided
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PM ZTC+LiBH,4 desorbed at 400 °C for 30 min under 3 bar He. The XRD pattern of dehydrided
PM ZTC+LiBH,4 (Figure 8.7b) exhibits a number of small peaks that are consistent with Li3BOs
indicating partial oxidation occurred during decomposition. The unknown peak observed in
the as-prepared PM ZTC+LiBH; sample at 10.6° 20 disappears after dehydrogenation. No
other crystalline phases were observed by XRD, the decomposition products of LiBH,; are

likely to be confined within the pores of the ZTC structure and thus have short-range order.

The Raman spectrum of dehydrided PM ZTC+LiBH,4 (Figure 8.8b) did not show any new
bands, only those observed in PM ZTC+LiBH4 sample were observed. A small upshift in the
G+D’ band is seen suggesting: an increase in the C-C bond stability after dehydrogenation; or
an increase in the D’ band relative to the G band resulting from an increase in the number of
sp> bonded carbon atoms and consequent decrease in the number of sp® bonded carbon

atoms.

8.3 Rehydrogenation Investigation

An attempt was made to rehydride a dehydrided PM ZTC+LiBH; sample at 350 °C under
100 bar H, for 10 h using Sieverts apparatus and characterised using XRD, Raman

spectroscopy and DSC-TGA-MS.

8.3.1 X-Ray Diffraction

The XRD pattern of the attempt to rehydride a dehydrided PM ZTC+LiBH; sample is shown in

Figure 8.7c. The pattern exhibits peaks consistent with crystalline Li3BOs, their relative
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intensities can be seen to be greater compared to that of the dehydrided sample (Figure
8.7b) suggesting the sample has been further oxidised during rehydrogenation. No peaks
consistent with crystalline LiBH4 can be seen after rehydrogenation. Quantitative analysis on
Li3sBOs is not possible, expected phases such as B, LiBH,; and ZTC are not observed due to

their short-range ordering or amorphous nature.

Intensity (a.u)

LR 03 B Ja R S o I T O e L ANE ZNN DR posl N N DMK G ) R BN CNE BN Fol 0o B DNl M RN G LN IR I fo el M (R IR S s I e P Eod)

10 20 30 40 50 60
2 Theta (Deg)

Figure 8.7 Room temperature XRD patterns of (a) PM ZTC+LiBH,, (b) dehydrided PM ZTC+LiBH, and (c)
rehydrided PM ZTC+LiBH,. The location of reflections from Li;BO; are indicated by the dotted lines labelled
with clear circles containing a cross. The ICDD PDF2 database (2011) was used for phase identification

8.3.2 Raman Spectroscopy

The rehydrided PM ZTC+LiBH; sample was studied via Raman spectroscopy, results are
shown in Figure 8.8. No vibrations consistent with [BH4]" bending or stretching modes were

observed in the rehydrided sample, only vibrations consistent with those observed for ZTC in
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the dehydrided and PM ZTC+LiBH, are seen. Accurate peak fitting could not be carried out

on the rehydrided sample.
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Figure 8.8 Room temperature Raman spectra of (a) PM ZTC+LiBH,, (b) dehydrided PM ZTC+LiBH, and (c)
rehydrided ZTC+LiBH,

8.3.3 DSC-TGA-MS

The decomposition of rehydrided PM ZTC+LiBH, was investigated by DSC-TGA-MS, Figure
8.9. As seen for as-prepared PM ZTC+LiBH4, the rehydrided sample exhibits a single
hydrogen desorption event. Small quantities of hydrogen can be seen to be desorbed from <
100 °C, with peak desorption at 320 °C. This hydrogen desorption corresponds to a weight
loss of 2.4 £ 0.1 wt% between 270 °C and 370 °C, with the sample desorbing a total of 3.4
0.1 wt% hydrogen by 500 °C. The same single asymmetric endothermic peak observed by

DSC for as-prepared PM ZTC+LiBH, is observed for the rehydrided sample, and is at 330 °C.
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No diborane was detected. Comparing the wt% loss between the as-prepared and
rehydrided samples, it can be estimated that 59 % of the initial hydrogen capacity was

achieved upon rehydrogenation.
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Figure 8.9 DSC-TGA-MS profile of rehydrided PM ZTC+LiBH, heated to 500 °C at 5 °C.min™ under 3 bar Ar with
a flow rate of 100 ml.min™

8.3.4 Cyclic H; Uptake

The cyclic uptake of PM ZTC+LiBH4 was studied over 5 de/re-hydrogenation cycles using a
Sieverts apparatus to measure the isothermal uptake at 350 °C as function of sample wt%
and H, pressure, Figure 8.10. During the first hydrogen absorption cycle, PM ZTC+LiBH4
absorbed 3.7+ 0.1 wt% corresponding to 63 % of its initial hydrogen desorption. The
hydrogen absorption capacity can be seen to slightly decrease over the following to cycles
before steadily climbing. These results suggest that the cyclic capacity of PM ZTC+LiBH; may

stablilize around 3.2 -3.3 wt% (55-57 % of the samples initial hydrogen release).
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Figure 8.10 Cyclic H, uptake isotherms of PM ZTC+LiBH,; measured at 350 °C as a function of H, pressure and
uptake, the final H, uptake after each cycle is displayed

8.4 Discussion

Zeolite templated carbon with a surface area of 2745 + 32 m’°g™ was hand mixed with LiBH,
at a molar ratio of 2:1 (ZTC:LiBH,) before being pre-heated at 300 °C under 5 bar H, for
30 min. A non melt-infiltrated ZTC+LiBH, sample was studied by XRD, Raman spectroscopy
and DSC-TGA-MS for comparison. XRD of as-received ZTC (Figure 8.1a) showed a single peak
at 6.4 ° 20 indicating long-range order with a period of 1.2 nm was present. The Raman
spectra of as-received ZTC (Figure 8.2a) showed evidence of the D, G, D’, G’ and D+G bands
observed in amorphous carbon. After pre-heating, XRD (Figure 8.1d) confirmed the loss of
long-range ordering in LiBH4, indicated by the disappearance of reflections from
orthorhombic LiBH; observed in the non PM ZTC+LiBH,; sample. This loss in long-range

ordering is believed to be due to the confinement of LiBH4. No new phases were observed by

181



Zeolite Templated Carbon + LiBH4

Raman spectroscopy or after mixing and infiltration; the origin of the small peak at 10 ° 26 is
unknown, no match could be found for this phases in the ICDD PDF2 database (2011), LiOH,

LiBH4.H,0, LiH, Li,C were all ruled out.

DSC-TGA-MS results of non PM ZTC+LiBH, indicated a total wt% loss of greater than 7.2 +
0.1 wt% H, by 500 °C. Work by Kato et al. (2010) reported evidence of diborane release
during the orthorhombic to hexagonal phase transformation, in this work diborane was
detected during the first stages of decomposition, suggesting it might play a part in the
decomposition pathway of LiBH4; in non PM ZTC+LiBH,;. The extremely low quantity of
detected diborane may be due to the sticky nature of the gas, causing it to stick to the wall
of the gas capillary. The DSC measurement of the decomposition of Non-PM ZTC+LiBH,4
exhibits a trace not seen for pure LiBH, after melting 287 °C. The melting of pure LiBH4 is an
endothermic reaction 285 °C seen as a single sharp peak by DSC (Shao et al., 2014), however,
for the Non-PM ZTC+LiBH,; sample this endothermic melting peak is followed rapidly by a
sharp exothermic reaction 290 °C. The exact reason for this exothermic peak is not clear, but
may be a result of melt-infiltration of LiBH4; into the ZTC framework, the exothermic
reactions have also been observed after melting in LiBH; confined in nanoporous carbons
(Brun et al., 2010; Liu et al., 2010). Brun et al., (2010) speculated that his exothermic peak
might arise from a surface reaction between LiBH4 and -OH or -COOH groups on the pore

surface.

The decomposition of LiBH,; can be seen to follow shortly after in a two-step process as seen
for pure LiBH4, over 100 °C lower than bulk LiBH4. From TGA, bulk decomposition can be

seen to finish well below 400 °C confirming that the high surface area ZTC framework
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destabilizes the decomposition of LiBH4. The Non PM ZTC+LiBH,; sample was not investigated
by XRD or Raman spectroscopy after decomposition so the composition of phases is
unknown. However, based on a wt% loss of 7.2+ 0.1 wt%, the two-step decomposition
reaction observed by DSC and presence of B,Hg two potential decomposition pathways can
be proposed; Equations 5.2 and 5.3 occurring at melting followed by Equation 8.1 shortly

after.

LiBHg <> Y/15LiB1oH1s + °/eLiH + B/1,H, €5 LiH + B+ 3/,H, <> Li+ B+ 2H, (8.2)

As shown in Table 8.1, a mass loss of 7.2 wt% indicates that all the LiBH4 in the sample
decomposed in LiH, B and H, and just under half of the remaining LiH decomposes into its

constituent parts.

Table 8.1 Expected H, Desorption in wt% for different possible decomposition pathways of LiBH,

- Reaction Pathway H; Release (wt%)
(1) LiBH; = Li + B + 2H, 8.80
(2) LiBH; = LiH + B + 3/,H, 6.60
(3) LiBHs = °/6LiH + */1,Li;B12H12 + */15H, 4.77

DSC-TGA-MS results of PM ZTC+LiBH; showed no large endothermic peaks consistent with
the orthorhombic to hexagonal phase change or melting of LiBH; were observed; two very
small endothermic bumps are just visible at 114 °C and 279 °C. These residual peaks may be
attributed to a very small quantity of non-confined LiBH,4, suggesting over-filling of the
porous ZTC structure. The disappearance of these two peaks from the DSC trace during

heating are consistent with nano-confined LiBH4 (Shao et al., 2015; Liu et al., 2010; Zhang et
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al., 2007) agreeing well with XRD results that LiBH4 has been confined within the porous ZTC

scaffold after the pre-melting step.

MS results (Figure 8.6) showed that PM ZTC+LiBH, released H, at an impressively low 120 °C
(74 °C lower than was observed for densified LiBH4+ZTC by (Shao et al., 2015)), with bulk
desorption at 335 °C occurring in a single step with no B,He detected; consistent with nano-
confined LiBH4 (Shao et al., 2015; Liu et al., 2010). The PM ZTC+LiBH,; desorbed 5.8 + 0.1wt%
by 500 °C, 1.4 £ 0.1 wt% less than its Non-PM counterpart, this reduction in weight loss may
originate from a combination of no B,Hg evolution (1 M of B,Hg is greater than 13 times
heavier than 1M of H,) and the partial decomposition of LiBH; during the pre-melting
process; the onset of hydrogen evolution from the Non-PM ZTC+LiBH,; sample occurred
190 °C lower than for bulk LiBH4 (375 °C), as such, the 5 bar H, overpressure applied during

the melt-infiltration process may not have been enough to fully supress hydrogen evolution.

The XRD of pattern of dehydrided PM ZTC+LiBH, also provides a possible explanation for the
decrease in mass loss. Small peaks resulting from monoclinic Li;BOs are the only crystalline
phase observed indicating the sample has been exposed to a small quantity of oxygen during
decomposition. The oxygen present in the dehydrided sample will therefore increase the
overall sample weight reducing the relative H, wt% in the sample. It was unclear if the
sample oxidation was homogenous throughout the sample or whether it was a surface

reaction.

LisBO3 has been shown to improve the reaction kinetics of decomposition and
recombination of LiBH4;, and as such may play a role in the decomposition and

recombination reactions after its formation on first dehydrogenation. In-situ XRD on
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PM AC+LiBH, showed evidence for the formation of LisBO3; upon melting, this reaction may
be responsible for the exothermic peak directly after melting in the DSC profile of

PM ZTC+LiBH,.

No B or LiH were detected by XRD in the dehydrided, the products of decomposition are

believed to remain confined within the ZTC pores and thus limit their long-range order.

With the absence of B;Hg during heating, the decomposition pathway of PM ZTC+LiBH, is
believed to differ slightly to that of non-PM ZTC+LiBH4. With no in-situ decomposition
measurements and a single decomposition peak seen by DSC the only decomposition
pathway that can be inferred is direct decomposition of LiBH,4 into LiH, B and H; shown in

Equation 5.1.

In work by Shao et al. 2015, NMR measurements identified the presence of amorphous B
and Li;BioHi; in dehydrided, densified ZTC+LiBH4. As such it is possible to speculate that
although the overall decomposition of LiBH, followed Equation 5.1, Li,B1;H1, should still be

considered a possible intermediate (Equation 5.4).

The decrease in hydrogen desorption temperature and consequent reduction in
decomposition temperature of LiBH,; within the ZTC framework may result from an increase
in the mobility of the BH4 anion resulting from nano-confinement (Verkuijlen et al., 2012;
Liu et al., 2013), Shane et al. (2010) have shown by NMR that a smaller pore size acts to

further increase its mobility.

The cyclic H, uptake investigation of PM ZTC+LiBH, indicates a stable H, capacity of 3.3 £

0.1 wt% (Figure 8.10), approximately half the total capacity of the as-prepared sample (5.8 £
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0.1 wt%, Figure 8.6). Li,B1;Hi1; is a known possible intermediate in the decomposition of
LiBH4 and due to its high stability acts as a B sink reducing the cyclic capacity of LiBH,. Li3;BO;
identified by XRD although has been shown to increase the recombination reaction kinetics

also acts as a B sink.

The presence of LiBH; could not be confirmed in the rehydrided PM ZTC+LiBH, sample by
XRD or Raman spectroscopy, Figure 8.1c and Figure 8.8c respectively, however, it may be
inferred through analysis of hydrogen uptake. If only partial recombination to LiH had been
achieved during rehydrogenation, then the maximum wt% uptake which could be achieved
is 2.2+ 0.1 wt% (see Table 8.1), however, TGA-MS of rehydrided PM ZTC+LiBH,; showed a
hydrogen capacity of 3.4 wt%. Thus is it possible to speculate that LiBH; was successfully
reformed at 350 °C under 100 bar H,, a significant improvement on the lowest reported
recombination conditions for bulk LiBH, (600 °C under 155 bar H, (Mauron et al., 2007)), and
under a lower pressure reported by Shao et al. (2015) to recombine densified ZTC+LiBH,4
(120 bar H;, at 260 °C). Further studies are needed for the optimization of the required

rehydrogenation conditions of PM ZTC+LiBH,).

It is clear from the cyclic uptake measurements (Figure 8.10) that the sample was still
absorbing H, at 350 under 100 bar and thus the maximum hydrogen capacity was not
achieved in any of the cycles during the measurement. From this it is possible to conclude
that whilst the hydrogen absorption kinetics of LiBH, are improved by the ZTC framework (in
agreement with results seen by Shao et al. (2015)) and possibly the small quantity of LisBO3,
they are still limited. Further investigation is required to identify if the reaction is critically

limited by the recombination conditions of the material itself.
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9 Porous Silicon + LiBH4

As discussed in Section 2.7.4.5.1, the confinement of LiBH,; within porous silica has been
shown to reduce the onset of H, desorption from LiBH; to 150 °C (Ngene et al., 2010),
however, the decomposition products of LiBH; were found to react with the SiO, scaffold
and eliminate the possibility of reversibility. In order to investigate if reversibility can be
achieved without the presence of O atoms in the host porous material, LiBH; was mixed with
porous silicon (PS). It is also possible to investigate the effect of a silicon porous host vs a

carbon porous hosts that are more commonly investigated (see Section 2.7.4.5).

9.1 Characterisation of Porous Silicon

The structure of as-received PS was characterised by XRD, Raman, SEM and N, adsorption

isotherms for BET surface analysis.

9.1.1 XRD

The room temperature XRD patterns of as-received PS and Sigma Aldrich silicon nano-

powder used for comparison are shown in Figure 9.1.

The XRD pattern of as-received PS exhibits peaks consistent with cubic crystalline silicon. The
Si peaks in the PS sample can be seen to be wider than the crystalline silicon nano-powder,

consistent with previous XRD patterns of PS (Russo et al., 2011; Nayef, 2013).
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The relative peak intensities in the PS sample Figure 9.1a can be seen to differ from that of
the crystalline comparison sample Figure 9.1b. The most obvious of which is the intensity of
the (004) plane reflections at 69.1° 26, which can be seen to greatly increase in the porous
silicon sample. The reasoning behind this increase is not known and was not observed in
previous XRD of PS (Russo et al., 2011). One reason for this may be the fabrication process
discussed in (Section 2.5) that results in pore growth in the (001) plane direction. The
increased intensity in the (004) plane reflections may be a by-product of preferential

ordering in the (001) plane arising from the electrochemical etching process.

Pseudo Reitveld refinements were carried out on the XRD patterns as-received PS and
crystalline nano-powder silicon shown in Figure 9.1, results are shown in Table 9.1. The
errors on calculated values for the porous silicon are larger than the crystalline comparison
sample due to the peak broadening observed in the porous silicon sample, resulting in a
poorer fit, reflected in the goodness of fit (gof) values of the two samples. (A perfect fit
would give a gof of 1). Density, lattice parameter and consequent volume of the unit cell

with the two samples can be seen to be identical within errors to one another.

Table 9.1 Pseudo Reitveld Refinement results for XRD patterns in Figure 9.1. Cell parameters are listed for
both samples.

Porous Silicon Nano-powder Silicon Comparison
Cell Mass 224.683 224.683
Cell Volume (A) 160.7 = 0.3 160.5% 0.1
Density g/cm3 2.32% 0.01 232101
Lattice Parameter (A) 5.44% 0.01 543+ 0.01
Goodness of Fit (gof) 3.119 1.701
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Figure 9.1 Room temperature XRD patterns of (a) as-received PS and (b) Sigma Aldrich silicon nano powder
comparison. The corresponding reflections from Si planes are indicated by the solid grey lines. The ICDD
PDF2 database (2011) was used for phase identification

9.1.2 Raman Spectroscopy

As-received PS and the CS comparison were studied by room temperature Raman
spectroscopy (Figure 9.2), the internal Si standard using for calibration of Raman

spectrometer is also included as a highly crystalline silicon comparison.

As shown in Figure 9.2c, highly crystalline silicon exhibits the symmetric TO mode originating
from Si-Si bond at 520 cm™, whilst the Raman spectrum of amorphous silicon exhibits a

broad peak at 430 cm™ (Veprek et al., 1981).

The Raman spectra of CS shows three peaks, located at 300 cm™, 516 cm™ and 958 cm™

originating from the second order transverse acoustic (2TA) mode, transverse optical (TO)
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mode and second order transverse optical (2TO) mode of crystalline silicon, respectively. A
small shoulder on the low energy side of the TO band indicates the presence of a small

guantity amorphous-like content (Igbal et al., 1980).

The amorphous silicon content in the PS sample (Figure 9.2a) can be seen to be higher,
indicated by a reduction in the relative intensity of the TO mode and an increase in the width
of the shoulder associated with amorphous Si. A downshift in the TO band of 5cm™ is
observed compared to the highly crystalline CS, consistent with the literature (Salcedo et al.,

1999).

PS is fabricated by electrochemical etching of Si wafers. The amorphous content observed in
the PS sample is believed to be due to the introduction of pores and defects, resulting in a
reduction in the crystallinity of the sample, agreeing with the XRD results of the PS shown in
Figure 9.1a. The electrochemical etching process results in a surface layer of hydrogenated
silicon species (SiH,), the presence of SiH, SiH, and SiH; were confirmed by Raman
spectroscopy, with clear peaks at 2087 cm™, 2112 cm™ and 2137 cm™ corresponding to SiH

(2088 cm™), SiH, (2110 cm™) and SiH; (2137 cm™) (Lysenko et al., 2005).
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Figure 9.2 Room temperature Raman spectra of (a) as-received PS, (b) Sigma Aldrich silicon nano-powder
comparison and (c) single crystal Si calibration standard measured under 100 ml.min™ flowing Ar. SiH,
bending and stretch modes are indicated by the corresponding coloured bands, the 2TA, TO and 2TO Raman
modes of crystalline Si are identified by the black dotted lines and corresponding labels

9.1.3 SEM-EDS

SEM-EDS was carried out on the surface and a perpendicular edge in order to characterise
the structure and composition of as-received PS, results are shown in Figure 9.3. EDS
analysis was in agreement with XRD and Raman spectroscopy analysis that no other
elements (such as oxygen or fluoride, possible contaminants from the fabrication process)
were present, although due to their light atomic weight and subsequent light electron cloud,
these elements can be hard to detect via EDS, based on this same premise, Hydrogen cannot

be detected via EDS either.

Neither the surface or edge of the PS wafer was polished prior to the SEM image was taken,

this was to protect the hydrogen terminated surface and avoid forming Si dangling bonds
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which would react with oxygen instantaneous. Consequently there are varying levels of

focus across the images, but the features are still clearly visible.

Figure 9.3a shows the edge of a PS wafer snapped in half revealing the elongated pores,

propagating in the (001) plane consistent with the fabrication of PS (Sailor, 2011b).

Figure 9.3b shows an SEM image of the surface of a PS wafer, open pores can clearly be seen
with a diameter ranging from 20-50 nm. It is therefore possible to classify the PS sample as
being mesoporous (2 >x =50 nm) in conjunction with the IUPAC guidelines for pore size
classification (Haber, 1991). Since the pores in PS form in a tube like structure in the (001)

direction, it can be assumed that all pores must be open.

Figure 9.3 SEM image of the a) an edge of a PS wafer with showing pore orientation in the (001) plane, b) the
surface of a PS wafer showing open pores
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9.1.4 N2 Adsorption Isotherms and BET

The surface of PS was investigated using BET analysis (Figure 9.5) of N, adsorption isotherms
to determine the surface area of the as-received PS sample. Figure 9.4a shows the N;
adsorption isotherm at -195 °C under 950 mbar N,, a total of 35 wt% N, was adsorbed to the
surface of as-received PS, corresponding a BET surface area of 280 + 2 m’g™ which lies within

the expected range of surface areas for porous silicons of between 9 and 429 m’g™ (Petrova

et al., 2000).
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Figure 9.4 N, Adsorption isotherms (-195 °C) of (a) as-received PS and (b) PS pre-heated to 400 °C for 30 min
under vacuum (10° mbar) and then cooled to -195 °C to remove H, surface
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Figure 9.5 BET analysis of the as-received PS N, adsorption isotherm shown in Figure 9.4a, the fit parameters
are shown in the bottom right corner of the graph

9.2 Thermal Decomposition of Porous Silicon

The thermal decomposition of hydrogenated silicon species (SiHy) was investigated via in-situ
Raman spectroscopy and DSC-TGA-MS. The surface area was recalculated by BET analysis of

N, adsorption isotherms after heating.

9.2.1 In-situ Raman Spectroscopy

In Raman spectroscopy the energy of the incident laser often causes a shift in the peak
location, as the excitation wavelength of the incident laser is increased, the power density of

the area being measured increases. This causes localised heating and a change in the power
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density of the area being measured, seen as a down-shift in the wavenumber (Zhang, 2012).
This same phenomenon is seen when the temperature of the sample is independently
increased. Opposed to the laser increasing the power density of the area being measured,
the independent heating of the sample causes a change, seen as a downshift in peak

location.

The relative intensity of Raman modes also decreases with increasing temperature, due to
more energetic thermal vibration of the molecules. This both reduces the Raman scattering
factor of the molecules and reduces the number of electrons in the ground state which can
be Raman scattered. In Figure 9.6 the intensity of the 2TA, TO and 2TO modes can all be

seen to decrease with increasing temperature.

In-situ Raman spectroscopy measurements were carried from out from room temperature
to 500 °C at 2 °C.min™ under 100 ml.min™ flowing Ar, as described in Section 4.3.2.3. Figure
9.6 shows in-situ Raman spectroscopy measurements between 150 ecm™ = 1650 cm™, the
2TA, TO and 2TO modes of Si can be seen at 300 cm™, 516 cm™ and 958 cm™ with vibrations

consistent with the wagging mode of SiH at 626 cm™ (Tuyen et al., 2001).

Vibrations from the SiH wagging mode at 626 cm™ disappear around 300 °C suggesting the

thermal decomposition of the SiH and the evolution of hydrogen.

Figure 9.7 shows in-situ Raman spectroscopy measurements in the range of 1250 cm™ -
2850 cm™. Due to the low relative intensities of the SiH, stretching modes to the
background (resulting from the low density of hydrogen atoms on the top surface of the PS

flakes).
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The intensity of the SiHy stretching modes decreases with increasing temperature as
discussed above, however, their intensity can be seen to drastically decrease after 250 °C
and disappear around 300 °C, as seen in Figure 9.6. The apparent reduction and increase in
intensity ca. 100 °C and 240 °C is an artificial artefact caused by thermal expansion of the Si
lattice. To increase the rate of data capture, auto-focusing of the laser on the sample surface

was carried out every 5 scans.

Room temperature Raman spectra of PS after heating to 400 °C showed no peaks consistent
with SiHy wagging or stretching modes. Areas of the sample not directly irradiated by the
excitation laser were also scanned after heating and revealed no evidence for the existence
of SiHy, confirming that thermal decomposition of the SiHy species was successful under

400 °C and atmospheric Ar.

Lysenko et al. 2005 reported that PS begins to desorb H, from 190 °C, with SiH decomposing
at temperatures in excess of 450 °C, over 150 °C higher than observed in this work. This large
reduction in temperature may originate from localised heating of the sample from the
excitation laser. Laser irradiation (LI) has been shown to be a viable way of desorbing H,
from the SiHy species from PS (Tuyen et al., 2001). Effort was made to minimalise the laser

exposure time on the sample to limit the effect of localised heating as much as possible.
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Figure 9.6 3-dimensional graph of in-situ Raman spectroscopy measurements on as-received PS heated to
500 °C at 2 °C.min " under 100 ml.min™ flowing Ar. Intensity is indicated by colour chart, with dark blue being
low intensity and red representing regions of high intensity

Figure 9.7 In-situ Raman spectroscopy measurements of PS heated to 400 °C at 2 °C.min" under 100 ml.min™
flowing Ar, intensity is indicated by colour. Black indicates areas of low intensity and bright aqua indicates
areas of high intensity
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9.2.2 N2 adsorption isotherms & BET

PS heated to 400 °C at 5 °C.min™ and cooled to RT was investigated using BET analysis of N,
adsorption isotherms to determine the surface area after heating. Figure 9.4b shows the N,
adsorption isotherm of pre-heated PS at -195 °C under 950 mbar N,, a total of 38 wt% N,
was adsorbed to the surface of as-received PS, corresponding a BET surface area of

332 + 2 m’g™. BET analysis results and fit parameters are shown in Figure 9.8.
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Figure 9.8 BET analysis of thermally decomposed PS N, adsorption isotherms shown in Figure 9.4b, the fit
parameters are shown in the bottom right corner of the graph

9.2.3 DSC-TGA-MS

The thermal decomposition of SiHy, species on the surface of as-received PS was further
investigated by DSC-TGA-MS, Figure 9.9. DSC measurements could only be carried out up to

500 °C (maximum temperature). A small endothermic peak can be seen at 345 °C indicating
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an endothermic reaction with an onset of 300 °C. This endothermic reaction occurs
concurrently with a defined H, desorption at 314 °C and small weight loss of 0.2 £ 0.1 wt%,
followed by a prolonged H, desorption and steady wt% loss completing by 700 °C. As-
received PS desorbed a total of 0.2 + 0.1 wt% by 650 °C, after which the weight loss appears
to decrease. There are two possible reasons for this decrease. Firstly, due to the extremely
small wt% values being measured, any baseline line variations will result in large fluctuations
in the measured wt% loss. Secondly, if the sample had been exposed to air, when the SiH,
species decomposed, dangling Si bonds would have readily reacted with any oxygen (Tuyen

et al., 2001). H, was the only gas desorbed during thermal decomposition of the SiH, species

up to 850 °C.
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Figure 9.9 DSC-TGA-MS profile of as-received PS to 850 °C at 5 °C.min"" under 3 bar Ar and a flow rate of
100 ml.min™

9.3 Characterisation of Porous Silicon + LiBH4
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The structure of Non PM-PS+LiBH4 and PM-PS+LiBH,; were investigated by room temperature
XRD and Raman spectroscopy. It was not possible to conduct N, adsorption isotherms and
BET analysis on either sample as sample loading could not be carried out under inert
conditions. As such sample oxidation could not be prevented and results would not be

considered reliable.

9.3.1 XRD

Room temperature XRD patterns of as-received PS, as-received LiBH4, hand-mixed PS+LiBH,
and PM-PS+LiBH4 are shown in Figure 9.11, peak locations consistent with reflections from
orthorhombic LiBH; (o-LiBHs;) and Si are indicated by the black circles and triangles,
respectively. The XRD pattern of hand-mixed PS+LiBH4; (Figure 9.11c) shows reflections
consistent with o-LiBH; and cubic Si only, indicating that the hand-mixing process simply

created a mixture of the two materials; no additional phases are observed.

The XRD pattern of PM-PS+LiBH, (Figure 9.11d) shows reflections from cubic silicon and with
very weak reflections consistent with o-LiBH, present. This reduction of intensity of o-LiBH,4
is consistent with the loss of long-range order in LiBH,4 resulting from the confinement LiBH,
within porous scaffolds (Shao et al., 2014). The presence of weak reflections from o-LiBH,4

suggests that not all the LiBH,; was successfully nano-confined with the PS due to over-filling.

The lattice parameter of cubic silicon was calculated by pseudo-Reitveld refinement for as-
received PS, hand-mixed PS+LiBH4 and PM PS+LiBH,, results are shown in Figure 9.10. No
expansion of the Si lattice was observed within errors as a result of LiBH4 addition and melt-

infiltration.

200



Porous Silicon + LiBH4

The crystallite size of as-received PS, hand-mixed PS+LiBH4 and PM PS+LiBH4 were calculated
using the Scherrer equation, results are shown in Table 9.2. A reduction in crystallite size is
observed after the pre-melting, however, as discussed in Section 2.4.1.4 a number of factors
can affect the result given by the Scherrer equation such as stress/strain, which cannot be

ruled out here.

Table 9.2 Crystallite sizes of as-received PS, hand-mixed PS+LiBH, and PM PS+LiBH,, calculated by the
Scherrer equation

Sample Calculated crystallite sizes for each PS sample
As-received PS 32.7+0.7 nm
Hand-mixed PS+LiBH, 30.2+ 0.6 nm
PM PS+LiBH4 24514 nm
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Figure 9.10 Lattice Parameter of cubic silicon in As-received PS, Non PM-PS+LiBH, and PM-PS+LiBH,
calculated by pseudo Reitveld refinement
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9.3.2 Raman Spectroscopy

Raman spectroscopy measurements of as-received PS, as-received LiBH,;, hand-mixed
PS+LiBH; and PM-PS+LiBH,; are shown in Figure 9.12. The Raman spectrum of as-received
LiBH4, Figure 9.10b shows two features: the [BH4]” bending vibrations at 1300 cm™ and the

[BH4] stretching vibrations at 2300 cm™.

After hand-mixing of PS+LiBH4; both phases remain, the intensity of the [BH4] vibrations

appears to decrease as the TO mode of silicon is so dominant.

After melt-infiltration, the Raman spectrum of PS+LiBH, (Figure 9.10) no longer shows
vibrations from SiH, species, suggesting they decomposed during the infiltration process
(295 °C). As shown in Section 9.2 the SiH, species on the surface of PS decomposed at 300 °C
whilst subject to laser irradiation during the Raman spectroscopic measurement. The width
of the TO mode can also be seen to change, the lower wavenumber shoulder can be seen to

broaden, indicating an increase in the amorphous Si content within the sample.
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Figure 9.12 Room temperature Raman spectra of (a) as-received PS, (b) as-received LiBH,, (c) Hand-mixed
PS+LiBH, and (d) PM-PS+LiBH, under 100 ml.min™ flowing Ar. SiH, Peak origins are labelled accordingly.
Measurements were carried out under an excitation wavelength of 488 nm

9.4 Thermal Decomposition

The thermal decomposition of hand-mixed PS+LiBH; and PM-PS+LiBH, were investigated by

DSC-TGA-MS.

9.4.1 DSC-TGA-MS

The DSC-TGA-MS profile of hand-mixed PS+LiBH4 heated to 500 °C at 5 °C.min" under 3 bar
Ar is shown in Figure 9.13. The DSC trace shows 4 distinct endothermic peaks, the first at
114 °C is consistent with the orthorhombic to hexagonal phase transition of LiBH, followed

by the melting of LiBH,4 at 285 °C.
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The final two peaks located at 352 °C and 414 °C are consistent with decomposition of LiBH,
with the first peak resulting from decomposition of LiBH4; confined within the PS mesopores
and the second at 414 °C resulting from the decomposition of excess bulk LiBH,; not confined
within the PS scaffold. This behaviour is consistent with the over loading of LiBH,; within
porous frameworks (Liu et al.,, 2011). It is possible that upon melting, the molten LiBH,4
proceeds to melt-infiltrate in to Si mesopores filling the pores. The newly confined LiBH,4
then continues to decompose giving rise to the first endothermic DSC peak located at 352 °C,

followed by the decomposition of the remaining un-confined LiBH,4 at 414 °C.

The H, desorption profile of non-PM PS+LiBH; shows an onset temperature of 110 °C
followed by two distinct peaks at 80 °C and 333 °C. The wt% loss from the sample is directly
linked to the desorption of gas, 3 different gradients can clearly be seen indicating 3 differing
rates of desorption. The first gradient is the steepest of the two and coincides with the first
H, desorption peak corresponding to a mass loss of 1.2 + 0.1 wt% by 290 °C, the rate of wt%
loss then reduces before remaining constant up to 350 °C. This second wt% loss gives rise to
the second H; desorption peak and a further wt% loss of 2.4 £ 0.1 wt% by 370 °C. The sample
then continues to lose weight up to 500 °C at which point the sample has lost a total of 4.4 +

0.1 wt%.

This hydrogen desorption behaviour supports the observations seen by DSC. As soon as the
LiBH; melts, the sample melt infiltrates into the PS. The [BH4] ion mobility is greatly
increased by both melting and nano-confinement resulting in the lower decomposition

temperatures of LiBH; within the sample. Consequently the first H, desorption can be
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attributed to the melting of LiBH; and the second to the nano-confinement effects

experienced by the newly confined LiBH,4 in the PS mesopores.

Remaining LiBH4 which was not infiltrated into the PS scaffold, possibly due to pore capacity
being exceed, then proceeds to decompose at temperatures in excess of 390 °C, consistent

with the decomposition of bulk LiBH4 (Shao et al., 2014).

Both diborane (B;H¢) and silane (SiH4) were observed during thermal decomposition of non-
PM PS+LiBH,4. Although the quantities were very low relative the measured H, desorption,
the evolution of these two gases are major draw backs in the potential use of silicon based

materials mixed with LiBH4; B;He can be poisonous to fuel cells whilst SiH, is highly

pyrophoric.
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Figure 9.13 DSC-TGA-MS profile of Hand-mixed PS+LiBH, heated to 500 °C at 5 °C.min"" under 3 bar Ar and a
flow rate of 100 ml.min™
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Figure 9.14 shows the DSC-TGA-MS profile of PM-PS+LiBH, heated to 500 °C at 5 °C.min™
under 3 bar Ar. The DSC profile of PM-PS+LiBH,; shows a number of endothermic peaks. The
peak at 109 °C is indicative of polymorphic phase transition of LiBH; from an orthorhombic
to hexagonal crystal structure. The next two peaks at 258 °C and 279 °C are a result of the
melting of nano-confined and bulk LiBH4 respectively, suggesting the pores were over loaded
during the melt-infiltration process and some bulk LiBH4; remained un-confined. This result
agrees with the DSC for non-PM PS+LiBH, (Figure 9.13) that indicated at pore over filling

after melting.

The final two endothermic peaks provide further evidence for over loading the pore capacity
of PS. The first peak at 353 °C is consistent with the decomposition of nano-confined LiBH,,
whilst the second peak split peak with minima located at 415 °C and 424 °C is consistent with
the decomposition of pure LiBH,;. The decomposition of the non-confined LiBH4 within the
sample still precedes over 40 °C lower than is observed for pure LiBH,4 indicating that the PS

surface has an influence upon the decomposition of LiBHj,.

The onset of H, desorption occurs at an impressively low 120 °C with peak desorption
occurring at 336 °C. A small shoulder can be seen on the right of the H, desorption peak and
is accredited to the decomposition on un-confined LiBH,4. The sample desorbed 2.8 £ 0.1 wt%

H, by 500 °C, with no SiH4 or B,Hg being detected.

It is clear from the H, desorption profile of PM-PS+LiBH,4 that the sample begins to desorb H,
over 100 °C below the melting point of the nano-confined LiBH,4, suggesting the [BH4] ion

mobility is greatly improved when confined within the PS mesopores.
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Both the shape and downshift in location of the of the phase change and melting peaks are
consistent with work by Liu et al. 2011 who studied the thermal decomposition of LiBH,4

nano-confined within nano-porous carbons.

PS did not desorb any SiH, during heating, PM-PS+LiBH,; did not desorb any B,Hg or SiH,4
during decomposition, whereas non-PM PS+LiBH4 was shown to desorb both B,Hs and SiH,
at melting suggesting SiH, is released as a result of a reaction between B,Hs and the PS

surface.

Compared to the non-PM PS+LiBH,; sample, the melt-infiltrated sample desorbed almost
1.6 wt% less by 500 °C. It is clear from the DSC that the decomposition of LiBH, is completed
by 500 °C, suggesting that either the PM sample follows a different reaction pathway with
heavier products, or more simply, the 10 bar H, overpressure applied during the pre-melting
process of PS+LiBH, was not adequate to suppress the decomposition of LiBH,4, a 3 bar H,
over pressure has been shown to supress the decomposition of bulk LiBH4 (Pinkerton et al.,
2007). Since the non-PM PS+LiBH, sample was found to rapidly desorb H, above 260 °C, it is
believed that the LiBH, began to decompose during the melt-infiltration due to the effect of

nano-confinement and the PS scaffold upon LiBHj,.

9.4.2 XRD

The XRD pattern of dehydrided PM-PS+LiBH, is shown in Figure 9.16. No reflections from o-
LiBH; are observed confirming the excess LiBH4; not confined within the PS scaffold was
decomposed. No reflections consistent LiH are observed in the dehydrided sample, however,

LiH is difficult to detect by XRD since the measurement relies upon the interaction between
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X-Rays and the atom’s electron cloud, which for light elements, is less populated compared

to heavier atoms.
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Figure 9.14 DSC-TGA-MS profile of PM-PS+LiBH, heated to 500 °C at 5 °C.min"" under 3 bar Ar and a flow rate
of 100 ml.min™

Decomposition products will also be confined within the pores thus eliminating any long-
range order, making them even harder to detect by XRD. Cubic silicon is still observed in the
dehydrided sample, however the relative intensity of the (004) can be seen to further
increase after heating. This may be a result of the crystal growth along the direction of pore

propagation caused by annealing of the Si during decomposition.

9.4.3 Raman Spectroscopy

The Raman spectrum of dehydrided PM-PS+LiBH, is shown in Figure 9.18, no new phases are

observed after dehydrogenation. The intensity of the 2TA mode can be seen to decrease
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after heating, along with an increase in the shoulder peak associated with the amorphous
content, suggesting the dehydrided samples has a higher amorphous content that the as-
prepared PM PS+LiBH,; sample. The vibrations located at 1580 cm™ observed in the PM-
PS+LiBH,4 are believed to be a measurement artefact as previously discussed, and are not

present in the dehydrided or rehydrided Raman spectra.

9.4.4 In-situ XRD

To help understand and identify the decomposition mechanism of PM-PS+LiBH,, in-situ XRD
measurements were carried out at regular intervals up to 400 °C at a heating rate of

2 °C.min"* under 3 bar He with a flow rate of 100 ml.min™, results are shown in Figure 9.15.

Prior to heating at 30 °C the PM-PS+LiBH,; sample exhibits reflections consistent with o-
LiBH4, PS and the Al,03 sample holder. After 125 °C the LiBH; can be seen to undergo a
phase transition to h-LiBH, followed by the disappearance of reflections consistent with h-
LiBH4 by 275 °C resulting from melting of LiBH; and subsequent loss of long range ordering.
Between 275 °C and 291 °C reflections from monoclinic SiO; are observed. Above 291 °C Li,O
is also observed remaining in the sample for the rest of the measurement. During cooling a
new phase is detected at 100 °C, this phase is yet to be identified, but phases containing Li,
Si and O in the ICSD PDF2 database have been ruled out. It is clear from these results that
the PM-PS+LiBH,; sample heavily oxidised during heating, highlighting the samples high

reactivity with oxygen.
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9.5 Rehydrogenation of Porous Silicon + LiBH4

Dehydrided PM-PS+LiBH,; was rehydrided at 350 °C under 100 bar H; for 10 h using Sieverts

apparatus and characterised using XRD, Raman spectroscopy and DSC-TGA-MS.

9.5.1 XRD

Rehydrided PM-PS+LiBH,; was studied by XRD, Figure 9.16c. No reflections consistent with o-
LiBH, are present, cubic silicon is the only phase that can be identified. After
rehydrogenation the reflections from the (004) plane of Si at 69.1°26 can be seen to
reduce. This could be a result of a reduction in the long-range order in the (004) direction
caused by the reformation of LiBH,; with in the pores of the PS scaffold. Two low intensity
peaks located at 33° 20 and 38 ° 20 are just visible on the rehydrided sample, the origin of

these peaks is unknown.

The lattice parameter of cubic silicon in the rehydrided PM-PS+LiBH; was calculated using
Pseudo-Reitveld refinement, results are shown in Figure 9.17. The lattice parameter can be

seen to return to its original size (within errors) after rehydrogenation.
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Figure 9.16 Room temperature XRD patterns of a) PM-PS+LiBH, b) dehydrided PM-PS+LiBH, and c)
rehydrided PM-PS+LiBH,. Reflections consistent with o-LiBH, and cubic Si are indicated by the black circles
and triangles, respectively.

5.455
< 545
@
@
£
S 5.445
(1]
a.
9
£
S 5.44 T
! i
5.435

MI PSi+LiBH4 ¢ Dehydrided MI PSi+LIBH4 ™ Rehydrided MI PSi+LIBH4

Figure 9.17 Lattice Parameter of cubic silicon in PM-PS+LiBH,, dehydrided PM-PS+LiBH; and rehydrided PM-
PS+LiBH4, calculated by pseudo Reitveld refinement
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9.5.2 Raman

The Raman spectrum of rehydrided PM-PS+LiBH, is shown in Figure 9.18c. No new vibrations
are observed in the Raman spectrum after rehydrogenation, only the 2TA, TO and 2TO
modes of Si are seen. No vibrations consistent with the [BH,4] tetrahedral structure of LiBH,4

or SiH, modes are visible.

2TA  TO 2T0

Intensity (a.u)

500 1000 1500 2000 2500
Wavenumber (cm'1)

Figure 9.18 Room temperature Raman spectra of a) PM-PS+LiBH, b) dehydrided PM-PS+LiBH, and c)
rehydrided PM-PS+LiBH,. The 2TA, TO and 2TO modes of Silicon are indicated by the dotted lines.

9.5.3 DSC-TGA-MS

The thermal decomposition of rehydrided PM-PS+LiBH,; was investigated by DSC-TGA-MS,
shown in Figure 9.19. The DSC trace exhibits a single endothermic event with a minima
located at 330 °C, no peaks consistent with an orthorhombic to hexagonal phase change or

melting of LiBH,; are observed. The single endothermic peak is believed to be the
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decomposition of reformed LiBH,; confined within the PS scaffold. 0.9 wt% H, was desorbed

by 500 °C indicating that only 32% of the initial capacity was restored after rehydrogenation.
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Figure 9.19 DSC-TGA-MS profile of rehydrided PM-PS+LiBH, heated to 500 °C at 5 °C.min™ under 3 bar Ar and
a flow rate of 100 ml.min™

9.5.4 Cyclic Uptake

The cyclic stability of PM-PS+LiBH, was studied over 5 de/re-hydrogenation cycles using
Sieverts apparatus to measure the isothermal H, uptake at 350 °C as function of sample wt%
and H, pressure, Figure 9.20. On the first uptake cycle, PM-PS+LiBH4 absorbed 1.3 + 0.1 wt%
H,, corresponding to 46 % of the original H, quantity desorbed by 500 °C. The H, uptake can
be seen to gradually increase during cycling, 1.1+ 0.1 wt% was achieved after 5 cycles,

corresponding to 40 % of the original H, desorption from the as-prepared sample.
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The first uptake cycle can be seen to start just above 3 bar, opposed to 0 bar. This was
caused by an experimental error in which the chamber was not fully evacuated after
decomposition of the as-prepared sample before the measurement began. This error is not
believed to have drastically altered the conditions and as such the total uptake is regarded

as a valid value.
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Figure 9.20 Cyclic H, uptake isotherms of PM-PS+LiBH; measured at 350 °C as a function of H, pressure and
uptake, the final H, uptake after each cycle is displayed

9.6 Discussion

As-received PS was first characterised by room temperature XRD and Raman spectroscopy,
which revealed broad reflections consistent with silicon as expected for PS (Diaz-Guerra and
Montone, 2002) with a small amorphous content indicated by a shoulder on the TO Raman

mode of Silicon (Igbal et al., 1980). The Scherrer equation calculated the crystallite size of
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between 28 nm and 40 nm. SEM allowed the PS to be characterised as mesoporous with an

estimated pore range of 20 nm to 50 nm.

DSC-TGA-MS (Figure 9.9) has shown the onset of H, desorption to be below 250 °C
supporting in-situ Raman spectroscopy results (Figure 9.6 & Figure 9.7) indicate that SiH,
species start to decompose around 250 °C. Previous work by Lysenko et al. 2005 saw a
similar shaped H, desorption with a defined peak ca. 344 °C followed by a prolonged
desorption, accrediting the defined H, desorption peak to the decomposition of SiH,, and
the wider desorption resulting from the decomposition of SiH. The room temperature
Raman spectra of PS heated to 500 °C did not show any evidence for the existence of SiHy

species.

A total of 0.2 £ 0.1 wt% H, was desorbed by 500 °C equating to a hydrogen concentration of
61 mmolg™, consistent with a previous reported value of 66 mmolg™ for PS with a calculated

crystallite size of 2 nm (Lysenko et al., 2005).

The surface area of PS was found to increase by over 50 m°g™ after thermal decomposition
of SiH, species on the surface of as-received PS (Figure 9.5 and Figure 9.8) from 280 + 2 ng'l
to332+2 ng'l. This increase in surface area may be caused by the removal of the top layer
of H, during heating, with the removal of this coating exposing a larger surface area and in-

turn opening up defects that could previously not be accessed by the N, molecules.

The pre-melting of PS+LiBH, is believed to have produced LiBH,4 confined within the porous
scaffold of PS as indicated by loss of long range order of LiBH, in the XRD pattern of PM-
PS+LiBH4. Weak reflections from o-LiBH; and the DSC decomposition profile both suggest

that some LiBH,; remained unconfined indicating over-filling of the pores, with the remaining
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LiBH4 creating a surface layer on the PS. The unconfined PS was still shown to decompose
over 40 °C lower than bulk LiBH,4 providing evidence of a surface interaction between LiBH,4

and PS resulting in the destabilisation of LiBH,.

Nano-scale effects resulting from a larger surface energy experienced by smaller particles,
only occurs when particles sizes are in the range of 2 nm, thus requiring an equivalent pore
size to achieve this (Fichtner, 2011). Subsequently, the observed reduction in the
decomposition temperature along with required temperatures and pressures for
rehydrogenation of LiBH,; within the pre-melted within the PS scaffold is believed to be due
to improved [BH,;]" ion mobility and prevention of product agglomeration resulting in

improved kinetics.

After pre-melting, PS + LiBH, did not desorb any detectable levels of B,Hg or SiH, agreeing
with previous work in the literature that the nano-confinement of LiBH,; suppresses the

formation of B,He¢ and influences the decomposition pathway (Liu et al., 2011).

In-situ XRD did not give any further insight into the decomposition pathway of PM-PS+LiBH,
due to the observed aggressive reaction with oxygen, ideally this results would be repeated
with the source of oxygen contamination eliminated. Consequently the decomposition

pathway can only be speculated based on TGA-MS results.

Non-PM PS+LiBH; was shown to desorb small quantities of SiH; and B,He¢ that were not
observed during the heating of pure PS, indicating that a chemical reaction between LiBH,4
the Porous Silicon additive occurred during heating. The SiH; evolution was accompanied

with an intense H, desorption as the LiBH; melted, consistent with the behaviour seen for
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B,H; evolution from non-PM ZTC+LiBH,4. With no SiH4 or B,Hg detected during the heating of
as-received or PM PS+LiBH, the release of SiH, can be inferred to result from a reaction
between B,H¢ and PS. Proposed decomposition pathways for non-PM PS+LiBH, is shown in
Equations 5.2 and 5.3 and Equation 5.4, with Equations 9.1, 9.2 and 9.3 a side reaction which
occurs when BHj; reacts with the Si surface exposed after the thermal decomposition of SiH,4

species.

LiBH,; > LiH + BH; (9.1)
SiH, = Si+*/H, (9.2)
3Si + 4BH; > 3SiH, + 4B (9.3)

PM-PS+LiBH; was found to desorb a total of 2.79 wt% H, with no SiH; or B,Hg observed,
suggesting the decomposition pathway of LiBH,4 in the pre-melted sample is different to that
of non-PM PS+LiBH,4. The decomposition pathway of PM PS+LiBH, is unknown, however, if
the assumption that partial decomposition of LiBH,; occurred during pre-melting resulting in
the loss of some capacity, it can be assumed that LiBH; decomposed into LiH, amorphous B

and H,, Equation 5.4.

The confinement of LiBH4 in PS has been shown to be an effective way to destabilize the
decomposition of LiBH, reducing the temperature of the decomposition by over 110 °C. The
sample was shown to be effectively recharged with 41% of its original H, capacity after 5
cycles, under 100 bar H; and 350 °C, although the reformation of LiBH, in the rehydrided
sample could not be confirmed. Although confinement of LiBH; in PS has been shown to
greatly reduce the required temperatures for H, evolution, its use as on-board storage
material is limited. The limited H, content in wt% and loss of capacity after 5 cycles prevent

it from being considered as a possible candidate.

219



General Discussion

10 General Discussion

The addition of each additive to LiBH; was found to suppress the aggressive foaming effect
observed during the decomposition of bulk LiBH4 that originates from the rapid release of H,
from the liquid phases of LiBH; during decomposition. This foaming effect poses difficulties
with the containment of the complex borohydride during dehydrogenation as demonstrated
by the pictures published Ward et al., (2013) showing decomposed LiBH, inside a glass tube.
None of the samples studied in this work demonstrated any evidence of foaming during
decomposition. A possible explanation for the elimination of this foaming effect is an
interaction between the liquid LiBH; and the surface of the additive, in which the surface
tension between the liquid LiBH; and additive’s surface suppresses the foaming effect.
Alternatively, the reduction of H, onset temperatures aids a longer less aggressive initial
desorption. The suppression of foaming helps to keep the decomposition products in close

proximity preventing agglomeration and separation of the products promoting reversibility.

In this work, the quantity of H, desorbed from graphite milled under 3 bar H, for 8 h
reported by Zhang et al., (2012) could not be replicated under the same conditions. Since
small quantities (<0.5 wt%) of H, were detected via TGA-MS during the heating of the
graphite milled under 3 bar H, this sample can be regarded as partially hydrogenated
graphite. The surface area of 8 h graphite (Ar) was measured to be 462 m”g™" compared to
150 m’g" for 8 h graphite (H,) providing evidence that the 8 h graphite (H,) sample was

indeed milled under a H, over pressure; milling graphite under Ar is known to introduce
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greater levels of disorder and particle size reduction whereas milling under H; is known to

supress these effects (Section 2.4.2).

Peak H, desorption from graphite (Ar) + LiBH; was found to occur at 365 °C, 102 °C lower
than for pure LiBH,4, whilst peak H, desorption from graphite (H,) + LiBH; occurred at 381 °C
suggesting that the structure of the carbon additive plays a role in the destabilisation of the
LiBH4. XRD measurements on the dehydrided samples displayed reflections consistent with
LiH along with down shifts in the location of reflections from the 002 plane to lower 26
values inferring an expansion in the c direction of the graphite unit cell. Subsequent Pawley
refinements on these XRD patterns indicated an increase in the interlayer spacing of C atoms
after decomposition in both samples, 0.065 + 0.009 A for the dehydrided graphite (Ar) +
LiBHs; sample and 0.015+0.001 A for dehydrided graphite (H,) + LiBH; sample. These
observed expansions are consistent with the intercalation of Li in between the layers of
carbon atoms and correspond to the formation of LiC3s (Dahn, 1991; Konar et al., 2015) and
LiC7, (Konar et al., 2015) respectively. This evidence of Li intercalation below 500 °C suggests
that some of the LiH in both graphite-based samples was destabilized by the nanostructured
graphite decomposing over 100 °C below bulk LiH, consistent with results reported Miyaoka

et al., 2009 for a ball milled graphite+LiH system.

The greater level of deformation achieved by milling under Ar vs H; in this work is believed
to result in greater fragmentation of the graphite sheets in turn leading to a greater number
of edges in which Li is able to enter the graphite. The graphite (Ar) + LiBH, sample desorbed
the largest amount of H, (7.3 wt%) whilst forming a more lithium rich intercalation

compound compared to the graphite (H,) + LiBH; sample (6.4 wt%). The graphite milled
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under Ar was shown to have a higher amorphous content and greater ratio of sp> to sp® C
bonds via XRD and Raman spectroscopy, consequently it can be concluded that the higher
the level of amorphisation of the graphite, the greater the destabilization effect on LiBH, and

LiH.

Trace quantities of B,He¢ were detected for both graphite-based samples between
200 and 300 °C above which B,Hg is known to thermally decompose. The presence of B,Hg
below the melting temperature of LiBH,; suggests that some of the LiBH; underwent a solid-
state reaction. DFT calculations carried out by Wang et al., 2016 predicted that graphite
fragments inserted into the interstitial sites of LiBH; resulted in the formation of BH3
complexes reducing the decomposition temperature of LiBH,; and offering a mechanism for
B,He production. It is therefore proposed that both graphite samples followed a similar
reaction pathway, with some LiBH,; decomposing via either reaction 5.2 and 5.3 between
200-300 °C followed by the decomposition of the remaining LiBH4 into LiH, B and H, via
equations 5.1 and 5.4. After which some of the LiH decomposed via reaction 5.5. Although
no Li,Bi;Hi> was detected, both DSC profiles show clear 2-step decomposition pathway
suggesting the formation and decomposition of an intermediary compound. Reed and Book,
2009 carried out a study on the decomposition of LiBH; using in-situ Raman spectroscopy
demonstrating that LiBH; decomposes through two competing reactions, the direct
decomposition (Equation 5.1) into LiH, B and H, and decomposition into the known
intermediate Li;B1oH1, (first half of Equation 5.4). Based on the wt% of H, desorbed from
both graphite samples it can be inferred that even if Li,Bi;,Hi;; was formed during

decomposition it must have further decomposed into LiH, B and H, (Equation 5.4), no
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evidence for the presence of this intermediary was observed via XRD or Raman

spectroscopy.

The presence of reflections from o-LiBH, in the PM AC+LiBH; sample (Figure 7.2d) coupled
with the DSC profile during decomposition (Figure 10.1) which both show no significant loss
in order after the pre-melting step, indicate that the majority of LiBH; was not nanoconfined
within the porous structure of the AC at 300 °C for 30 min under 10 bar H,. This may be a
result of either the slow impregnation of LiBH,4 into the AC via capillary action or more likely
due to the size of the pores not resulting in a significant loss of order. Unfortunately, the
pore structure of the AC could not be investigated by TEM, so the pore-size and morphology
is unknown. The pre-melting of the AC+LiBH, sample was shown to supress the evolution of
B,Hs during thermal decomposition resulting in the PM AC+LiBH, decomposing via 2 possible
reaction pathways, Equation 5.1 and Equation 5.4. The presence of a two-step
decomposition mechanism between 350 °C and 420 °C in the DSC profile suggests that the
AC+LiBH,; sample decomposes via the same bulk decomposition mechanism as the graphite
based samples. This decomposition between 350 °C and 400 °C is consistent with LiBH,4
incorporated into AC (pore size < 2 nm) via pre-melting reported by (Gross et al., 2008), no

DSC results were published for this sample.

The DSC trace of the decomposition of the non-PM ZTC+LiBH4 sample (Figure 8.6) shows a
sharp exothermic peak immediately after the melting of LiBH; peak ca. 290 °C. No
exothermic reactions occur during the decomposition of bulk LiBH, (Figure 2.17), as such,
the exothermic peak observed for the non-PM ZTC+LiBH, must originate from an interaction

between the porous scaffold and liquid phase LiBH;. To the best of my knowledge the
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presence of an exothermic peak immediately after the melting of LiBH; into a porous
scaffold as not been reported, and was not observed during the decomposition of non-
PM PS+LiBH4. The density of solid phase LiBH, is 0.666 gmol™, although a value for the
density of liquid phase LiBH4 could not be found in the literature, one possible explanation
for this exothermic reaction is the contraction of LiBH, after infiltration into the porous
scaffold. No such exothermic peak was observed during the decomposition of PM ZTC+LiBH,4
suggesting that the exothermic reaction occurred during the pre-melting treatment.
PM ZTC+LiBH, desorbed 5.8 wt% LiBH,4 by 500°C exhibiting the lowest H, desorption onset of
any sample in this work (136 °C) and the second lowest peak H, desorption (339 °C), see
Table 10.2. The profile of the endothermic peak associated the decomposition of LiBH,4
emulates a single asymmetric peak, different to the clear split-peak decomposition
associated with bulk LiBH4 Figure 2.17, this behaviour is consistent with LiBH; confined
within porous carbon scaffolds with a pore size of < 4nm (Shao et al., 2014, 2015; Liu et al.,
2011). The broad asymmetric DSC decomposition peak suggests that LiBH; may be sat in a
wide range of different energy sites and may still decompose through a two-step reaction,
resulting in decomposition over a wide temperature range. Due to the loss of long range
order originating in the confinement of reaction products in the ZTC pores, XRD and Raman
spectroscopy did not identify any decomposition products, however, a weight loss of
5.8 wt% corresponds to the decomposition of LiBH; into LiH, B and H, as such the

decomposition is of PM ZTC+LiBHj, is believed to proceed via Equation 5.1.
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Figure 10.1 DSC profile of each sample heated to 500 °C at 5 °C.min"" under 3 bar Ar and a flow rate of
100 ml.min™ for easy comparison

The DSC profile of PM PS+LiBH, (Figure 9.14) also displays an asymmetric decomposition
peak ca. 336 °C consistent with the nano-confinement of LiBH, as discussed above, followed
by a two-step decomposition ca. 420 °C owed to decomposition of LiBH, resulting from over
filling. The PM PS+LiBH; sample is believed to follow the same decomposition pathway as
the PM ZTC+LiBH; (Equation 5.1), however, the formation of intermediate compounds

cannot be ruled out.

The absence of CH; during decomposition of LiBH, in any of the carbon-based samples
implies that the carbon additives do no chemically react with LiBH, during its decomposition
into LiH B and H,. Non-PM PS+LiBH, desorbed small quantities of SiH; and B,Hg that were
not observed during the heating of pure PS indicating that a chemical reaction between

LiBH4 and the Porous Silicon additive occurred during heating. The SiH4 and B,Hg evolution
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was accompanied with an intense H, desorption as the LiBH; melted, consistent with the
behaviour seen for B,Hg evolution from non-PM ZTC+LiBH, No B,Hg evolution was detected
for any of the samples in the work exposed to the pre-melting process offering evidence that
this step alters the decomposition mechanism of LiBH4. No SiH, or BoHg was detected during
the decomposition of as-received PS or PM PS+LiBH, inferring the evolution of SiH, arises

from a reaction between B,Hg and PS.

The pre-melting step is believed to create an intimate relationship between LiBH; and the
surface of the additive, the nature of this interaction between the additive surface and LiBH4
should be further explored to understand its influence on the suppression of B;He
desorption. Confinement of LiBH; within porous scaffolds has been reported to suppress
B,Hs evolution (Liu et al., 2011), however, it may be in the pre-melting/melt-infiltration

process that results in the suppression of B,Hg evolution.

Figure 10.2 shows the a plot of the H, onset and peak decomposition temperatures, no
correlation between additive surface area and the H, onset temperature or decomposition
temperature of LiBH, is observed. The onset of H, desorption and peak H, release appear
independent of the BET surface area of the additives. A decrease in the onset temperature
does appear to correlate to a reduction in the decomposition temperature of LiBH,4
indicating the additives destabilized the entire decomposition mechanism of LiBH4. This
finding agrees well with results published for LiBH; confined within porous carbon scaffolds,

shown in Table 10.1.

226



General Discussion

Table 10.1 Decomposition temperatures, H, onset temperatures, pore size and surface areas of carbon
additives to LiBH,

Carbon Additive Pore Size Surface Area (ng'l) H, Onset (°C) Peak H, Source
(nm) Desorption (°C)

Carbon Aerogel 25 810 - 390 (Gross et
al., 2008)
Carbon Aerogel 13 770 - 381 (Gross et
al., 2008)
Mesoporous carbon 3.8 1321 205 342 (Shao et
al., 2014)
CMK-3 3.5 997 209 346 (Shao et
al., 2015)

Nanoporous Hard 2 594 220 339 (Liu et
Carbon al., 2010)
Activated Carbon <2 1200 - 375 (Gross et
al., 2008)
ZTC 1.4 3309 194 332 (Shao et
al., 2015)

The DSC decomposition profiles of each sample are shown in Figure 10.1. Both
PM ZTC+LiBH4 and PM PS+LiBH, decompose at the lowest temperatures, 339 °C and 336 °C
respectively suggesting that a small pore size results in the greatest destabilization of LiBH,.
Values in the literature also follow the same trend as shown in Table 10.1. Aside from
activated carbon, the smaller the pore size, the lower the decomposition temperature of
LiBH4. Gross et al., 2008 reported a reduction in the both the activation energy of hydrogen
desorption and increase in desorption kinetics with decreasing pore size for carbon aerogels

further supporting this hypothesis.

It appears that a defined pore structure, in the nanometre range, is more important that a
high surface area when considering possible additives to LiBH,. This result may arise from
the nano-sizing of LiBH, induced by confinement within a nanoporous structure and offers

an explanation as to why graphite (Ar) + LiBH4; has the third lowest peak H, desorption
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temperature of 385 °C. The nanostructured graphite additive has a much high level of
disorder compared to the equivalent milled under H,, leading to fewer defects and pore like
structures in which LiBH4 can be confined. Also, as suggested by (Wang et al.,, 2016) the
nanostructured graphite acts as a milling aid in the LiBH,4 ball milling step which will lead to a
greater reduction in particle size of LiBH,; reducing H, diffusion distances and improving
desorption kinetics. In order to isolate the effect of nano-sizing vs the influence of the
surface chemistry between the additives and LiBH,4, LiBH, particles in the size range of a few
nanometres would need fabricating which poses extreme difficulties since ball milling of

metal hydrides only leads to particles sizes in the range of 100-200 nm (Liu et al., 2010).

Each of the 5 additive materials (4 carbon and 1 silicon) were all found to reduce the
decomposition temperature of LiBH; and promote reversibility, suggesting that the
destabilization of LiBH, arises from an interaction between the additive surface and the
LiBH; and not a chemical reaction with the host material itself. All the samples were
rehydrided under 95 bar H, at 350 °C, Table 10.3 shows their initial H, storage capacities and
their equivalent capacitates after 5 cycles. The two graphite-based samples (graphite H, +
LiBH; and graphite Ar + LiBH4) performed the worst with a reduction of initial capacity by
over 73% and 70% respectively. The confinement of LiBH; in porous scaffolds has been
reported to aid recombination of LiBH4 (Shao et al., 2015; Gross et al., 2008) which agrees
well with work in this thesis in which the PM ZTC+LiBH4 and PM PS+LiBH4 samples performed

the best maintaining 57% and 42% of their initial storage capacities.
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Figure 10.2 H, onset temperature (blue triangles) and peak H, desorption temperatures (red squares) as a
function of the BET surface area for each sample; a) graphite (Ar) + LiBH,4, b) graphite (H,) + LiBH,, c)
activated carbon + LiBH,, d) zeolite templated carbon + LiBH, and e) porous silicon + LiBH,

The confinement of LiBH4 helps to prevent agglomeration and subsequent separation of the
decomposition products of LiBH,4, helping to keep reactants in close proximity and minimise
diffusion lengths. It is clear that nano-confinement of LiBH,; within porous scaffolds helps to
unlock the potential of LiBH; reducing decomposition temperatures and promoting
reversibility. Recently, the incorporation of a NbFs catalyst into a mesoporous scaffold with
LiBH; has been shown to reduce to reduce onset of H, desorption to 150 °C with peak
desorption at 309 °C corresponding to a total H, desorption of 6.5 wt%. This dual approach
of catalyst and nano-confinement offers a promising approach in the destabilization of LiBH,4
through nano-confinement. Recently, a LiBHs-MgH, nano-composite with a particle size of

~10 nm dispersed onto graphene sheets was reported to complete 25 cycles without any
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degradation to its 8.9 wt% H, desorption at 350 °C (Xia et al., 2016). However, mass

production of this storage material is not currently economically viable.

As discussed in Section 1.6, the United States DoE targets for a hydrogen storage system for
applications on light-duty vehicles are a 7.5 wt% H, capacity with a storage medium lifetime
of 1500 cycles. The theoretical H, capacities of the carbon-based samples in this work (8.8
wt%) only just surpass the target wt% for the entire system, so even with impressive H,
evolution of up to 7.3 wt%, higher storage capacities are required to meet the DoE Ultimate
Fleet targets. In order to achieve the target wt% for a system, the ratio of additive to LiBH,
needs optimizing, however, the greatest limiting factor of LiBH,; based storage materials is
the cyclic stability of the samples. The cause behind large reduction in capacity observed for
all 5 samples (see Table 10.3) needs understanding in order to improve the hydrogen storage
properties of LiBH; destabilized by non-reactive additives. This observed reduction in
capacity is a common problem in LiBH4 based storage materials. Shao et al., 2015 reported
the formation of the stable intermediate Li,Bi,H1, after rehydrogenation of a ZTC+LiBH4
sample under 260 °C and 120 bar H, observed by Nuclear Magnetic Resonance spectroscopy
(NMR), this phase was not observed via XRD. The formation of Li,Bi;Hi; under similar
conditions to those used in this work (95 bar H, and 350 °C) suggests that the formation of

this stable intermediary might be responsible for the large losses in H, capacity over cycling.
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Table 10.3 H, capacity of initial H, desorption and uptake after 5 cycles for each sample

Sample Theoretical H, H, release at H, capacity after 5 Normalised H,
Capacity 500 °C cycles storage capacity
(wt%) (wt%) (wt%) after 5 cycles
Graphite (Ar) + 8.8 73+0.1 22401 0.30
LiBH4
Graphite (Hy) + 8.8 6.4+0.1 1.8+0.1 0.27
LiBH4
PM AC + LiBH,4 8.8 59+0.1 23%0.1 0.38
d PM ZTC + LiBH,4 8.8 58+0.1 3.3x0.1 0.57
e PM PS + LiBH, 5.2 2.7%10.1 1.1+0.1 0.42
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11Conclusions

The main aim of this thesis was to examine the effect of stable additives on the H, storage
properties of LiBH; such as H, onset temperatures, decomposition temperatures and
suppression of B,Hg evolution. In particular the effects of porous versus non-porous
additives were investigated. Five different additives were added to LiBH, at a molar ratio of
2:1 (additive to LiBH4): nanostructured graphite, partially hydrogenated graphite, activated

carbon, zeolite templated carbon and porous silicon.

* Graphite is a cheap and abundant material that when ball milled under 3 bar Ar was
found to desorb 7.3 wt% H, by 500 °C. Milling the graphite under Ar was found to
induce a higher level of amorphisation than milling under 3 bar H, which in turn lead
to higher H, desorption, higher cyclic stability and a lower decomposition
temperature. The addition of graphite milled under Ar resulted in a decrease of
102 °Cin the decomposition temperature compered to that for bulk LiBH,.

* Porous additives were found to have a greater effect on decomposition of LiBH, as
well as promoting cyclic stability, believed to result from the confinement of reaction
products. Zeolite templated carbon and porous silicon were found to lower the
decomposition temperature of LiBH, by 128 °C and 131 °C respectively.

* No correlation between surface area and decomposition temperature was observed
agreeing with results published for carbon additives to LiBH,.

* The confinement of LiBH; within porous scaffolds via melt-infiltration was found to

offer an effective way of altering the decomposition pathway of LiBH,; in order to
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suppress the evolution of B;Hs. Further investigation is needed to understand
whether it is the pre-melting step or the incorporation of the LiBH,; within the porous
scaffold that causes this change in reaction pathway.

* The addition of each material to LiBH4 at a molar a ratio of 2:1 (additive:LiBH4) was
found to suppress of the aggressive foaming of LiBH, during decomposition, believed
to arise from a reduced decomposition temperature and surface tension between

the liquid LiBH4 and additive.

Although LiBH, shows great promise as a hydrogen storage material (owing to its high H,
content), none of the materials studied in this work meet the Ultimate Fleet targets set out
by the United States DoE (Section 1.6). Further advancements are required to improve cyclic

stability whilst optimising the additive ratio.
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12 Future Work

*  Further studies into the hydrogenation of graphite through ball milling should be carried
out in order to optimise the milling conditions (RPM, ball-to-powder ratio, milling
media) required for graphite hydrogenation. UV Raman spectroscopy should be used to
identify and quantify the sp3C—HX stretching modes (around 2920 cm™ (Ferrari and
Robertson, 2001)) on hydrogenated graphite samples.

e The pre-melting (30 min at 300 °C under 10 bar H,) of LiBH; within ZTC and PS has been
shown to an effective mechanism for reducing the decomposition temperature of LiBHj,.
These two porous additives resulted in the two lowest LiBH; decomposition
temperatures in this work, consequently further investigation should be carried out to
find the optimum pore size for a porous additive to LiBH,, for this a wider range of pore
sizes should be studied.

* TEM and pore size analysis should used to improve the understanding of the pore size
and shape of porous additives to LiBH; and confirm the occurrence of nano-
confinement.

*  Currently there has been no investigation into the optimisation of conditions required to
achieve recombination of LiBH;. A study should be carried out to find the minimum
conditions required for LiBH; reformation and the optimum conditions under which
LiBH4 can be reformed with the aim of reaching times comparable to that outlined in the

US DoE Ultimate Fleet targets (3 minutes).
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The greatest drawback observed for all LiBH; samples investigated in this study was the
large decrease in H; capacity observed over 5 cycles. The reason behind this should be
explored including understanding the state of LiBH, in the dehydrided and rehydrided
samples along with studying the effects of the application of varying temperatures and
H, pressures during recombination in order to improve the cyclic performance.

Further investigations should be made into the effect of pore size vs high surface
additives in order to help understand their respective influences on the decomposition
of LiBH4. Nuclear magnetic resonance, transmission electron microscopy and small angle
neutron scattering will help aid phase determination in nanoconfined samples that

cannot be probed by XRD or Raman.
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