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Abstract

This work was motivated by the extensive research on lithium solid state
materials, which have attracted increasing interest for potential applications in
hydrogen storage and/or lithium ion batteries due to their extraordinary properties.
In this thesis, LiBH4-derived materials, LilnBrs and complex phases based on lithium
ammonia borane with potential use as solid state electrolytes were successfully

synthesised and characterised.

Firstly, the hexagonal phase (HT) of LiBH4 was stabilised and isolated at room
temperature by anion substitution over a compositional range. Fast lithium ion
conductivity is retained in these phases. The structural analysis performed at room
temperature combining powder X-ray and neutron diffraction revealed a considerable
disorder in both the position and orientation of the anions in this structure leading to
highly anisotropic distribution of lithium scattering. BH4 anions were found to exhibit
orientational disorder which can only be satisfactorily modelled using an inversion of
the deuterium atoms. This implies substantial rotation of the BH4 units although not
the free spherical rotation which has been observed in other complex anion fast ion
conductors. Analysis of the Bragg scattering up to 573 K shows that the material
retains the hexagonal structure, although the reduced intensity of the Bragg
reflections does suggest increasing disorder (loss of long range order) in the material

with heating.

Secondly, the synthesis and stabilisation of the high pressure (HP) phase of
LiBH4 is reported at room temperature and ambient pressure and achieves high ionic
conductivity. In this chapter the results from the three different approaches used to
stabilise the HP - LiBH4 are discussed (Methods 1, 2, and 3). Firstly, by Method 1,
mixed alkali borohydrides were studied using LiBH4 and NaBH4. NaBH4 was used
because it has the same structure as the HP - LiBH4 phase, a rock salt type structure.
In Method 2 the formation of mixed alkali metal - mixed anion borohydrides was
suggested as an alternative route. Mixtures with different molar ratios of LiBH4 and
NaBr were studied. NaBr was used because it has the same structure as HP - LiBH4
again, a rock salt type structure. In Method 3 synthesis, structure, and phase diagram
studies for the LiBH4 - Lil - NaBH4 system is discussed in detail. The ionic conductivity

of some of these phases is discussed.



Thirdly, different complex phases based on lithium ammonia borane are
proposed as electrolytes for the first time. Ammonia borane could be considered as
part of a potential electrolyte structure because of its low molecular weight (30.7 g
mol "), thermal stability and satisfactory air-stability. Ammonia borane is able to form
different compounds with lithium-containing materials. So far, different lithium
ammonia borane hydrides have been elucidated with pseudo-layered structures
which could exhibit 1D, 2D or 3D lithium ion conductivity. Here in this work, we
identified lithium ammonia borane hydrides, originally proposed for hydrogen
storage, as candidates for electrolytes. Also we report two novel lithium iodide
ammonia borane compounds which show high ionic conductivity. High quality powder
X-ray diffraction data is reported for both new materials and their thermal stability

has been determined.

Finally, LilnBr4 is suggested as a candidate as a solid electrolyte for lithium ion
batteries. In principle, this material has similarities with LiBH4. It has been reported
in the literature that its room temperature phase shows high ionic conductivity and
that it undergoes a phase transition to a high temperature phase like LiBH4. As for
LiBH4, we investigate the ionic conductivity of the bromide. Experiments were also
performed using neutron powder diffraction and ’Li NMR measurements. Here we
demonstrate that the room temperature structure was wrongly assigned in past
reports. Data also suggest that a formal phase transition in this material does not
occur. Instead, the redistribution of Li* ions at elevated temperatures leads to two

different routes for fast lithium ion motion in LilnBra4.



List of Contents

Y 1] o - U 2
List Of CONtENTS . .uueiiii i e 4
LiSt Of TableS..uueinneiiiii i e 11
IR o ) o =0 = 18
ACKNOWLEAGMENES ettt i ittt ettt e eeeeennaeeeaaaaeaaeanans 35
ADDreVIations .....ueiiiiiiiiiiii i e 37
DEClaration «...uuiii i e 39
1. INErOAUCHION c.ueiii i e 40
1.1 Lidon Datteries .....oviiiieeiiiiiiiiii i i i 41
1.1.1 Anodes, negative electrodes .......ccvviiiiiiiiiiiiiiiiiiiiiiiiiiiiieeaaans 44
1.1.2 Cathodes, positive electrodes.......ccvvuiiiiiiiiiiiiiiiiii i, 44
A 1 U= Tt o 0] Y/ o = PPt 47
1.2.1 BacCKgroUNd . ...ooiiiiiiiiiiiiii ittt et eeeeaeeeeeeeeeeaesnsnnnnnnnnnnns 47
1.2.1.1 Small - scale lithium ion batteries...........ccooviiiiiiiiiiiiiiiiiin, 47
1.2.1.2 Large - scale lithium ion batteries........coviiiiiiiiiiiiiiiiiiiiieeeennn. 47
1.2.2 Drawbacks for large - scale lithium ion batteries ...........ccceevveveenenn... 49
1.2.2.1 Organic liquid electrolytes.....c.uvveiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeennn 49
1.2.3 Safer electrolytes ..ooviiiiiiiiiiiiii i e e e e 52

) 200 T R oo | [l § (o [0 e S PP 53
1.2.3.2 Organic liquid - ionic liquid electrolytes........ccccvvviiiivinnnennnnnn. 54
1.2.3.3 Solid - polymer electrolytes .......cceeeiiiiiiiiiiiiiiiiiiiiiiiiiieeeeennns 54
1.2.3.4 lonic liquid - Organic liquid - Solid polymer electrolytes .............. 55
1.2.3.5 Solid state electrolytes.....ccouueeiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeenns 55
1.2.4 Solid state eleCtrolytes...ccunnnniiii it e e eees 56
1.2.4.1 Crystalline inorganic Li ion conductors ........cccoevviiinnneneeeeeennnn. 56



1.2.4.2 Composite inorganic Li ion conductors.......oeeeeeeiiiieieeieieennnnnnnn. 68

1.2.4.3 Amorphous inorganic Li ion conductors.......cceeeeiiiiiieiiiiiinnnnnnnn. 68
1.2.5 Crystal defects, non-stoichiometry and solid solutions....................... 69
1.2.6 Requirements for high ionic conductivity.........cccoovviiiiiiiiiiiiiiiiiiinn... 72

1.3 SCOPE Of thisS WOIK .. uu i iiii ittt ittt eeeeannnaiaaeeaeaaeaeaaaes 72
1.4 REfEIrENCES ..uviiniiiiiii i e 74
2. EXperimental...ccoieeeiiiiiiiiiii i i i e e 80
2.1 Preparative Methods. ......iiiiiiiiii ittt ernaaaeeaans 80
2.1.1 Air sensitive handling techniques .........coviiiiiiiiiiiiiiiiiiii e 80
2.2 Synthetic teChNIQUES. ..uuu ittt eeeannnaeaans 81
2.2.1 Ball Milling .. et r e e e e, 81

P20 2% W B - - Tel (] 10 ] s [« I O 81

2.2.1.2 Ball milling equipment ....ouuriiiii it 81
2.2.2 Thermal treatment.......coouuiiiiiiiiiiiiiiiiiiiiiiiii e 82

2.2.2.1 The Bridgman technique .......ccoiiiiiiiiiiiiiiiiiiiiiiiiiii i eeeeeeeens 82

2.3 Structural determination and characterisation techniques...................... 84
2.3.1 Powder X-ray diffraction ......c.ccceiiiiiiiiiiiiiiiiiiiiiiiiiiiii i eeeee e 84

2.3.1.1 BacCKGrOUNd........uuutttteeieeeeiiiiiiieeeeeeeeeeeeeeeeaaannnnns 84

2.3.1.2 Sample preparation for X-ray diffraction.........cccccevviiiiiiiiinn... 92

2.3.1.3 Data collection ......ccviiuiiiiiiiiiiiiiiiiiiiiiii 92

P2 T B B O - 1 - W 10 1= 1A £ [ P PO 93
2.3.2 M1 at DIiamond......eeiiiiiiiiiiiiiii e 93

2.4 Powder neutron diffraction ........ccooiiiiiiiiiiiiiiiiiii i 95
2.4.1 BaCKgGrOUNd....oiiiiiiiiiiiiiiiiiii ittt teeeeaeeeeeeeeeesasnnnnns 95
2.4.2 Time of flight Powder Neutron Diffraction ..........ccccceviiiiiiiiiiiiinnn... 96

2.4.2.1 Data collection ......oooueiiiiiiiiiiiiiiiiiiiii e 98



2.4.2.2 Sample preparation .....eeeeeeeeeeeeeeieeeeeeeeeeeeeennnnnseeseeeseeeeeeens 99

2.4.3 Constant Wavelength Powder Neutron Diffraction..........c.ccoovvvviiinnn... 99
2.4.3.1 Data collection ......cceiiiiiiiiiiiiiiiiiiiiiiiiiiii i 100
2.4.4 Data analysis: Rietveld refinement........ccoviiiiiiiiiiiiiiiiiiiiiiiiennns 100
2.5 Spectroscopy teChNIQUES ......uiiiiii it eeeaaaas 107
2.5.1 Vibrational spectroscopies: IR and Raman techniques...................... 107
2.5.1.1 Raman SPECLIOSCOPY «.evruuneeerernnneeeeeenneeeeeeesneeeeesennneseessnnnns 108
2.5.2 Raman spectroscopy of borohydride ions.......c.ccovvviiiiiiiiiiiiiiiiennnnnns 110
2.6 ELleCtron MiCrOSCOPY tevvuuuuuiiiiiiiiiieeeeteteeeeeennnnrneeeeeeseeeeeseeeesasnnnnns 111
2.6.1 Scanning electron MiCrOSCOPY «uuuuueeeeieeeeeretteetterennnnieeeeeeseeeeeeeenns 111
2.7 Li solid state nuclear magnetic resoNanCe.......ccvvvrveeneeeeeenneenneennnenns 113
2.8 Thermal analysis....cuuuuuuiiiiiiiiiiiiieiettieetetnerieeeeeeeeeeeeeeeeeaesnnnnns 113
2.9 Electrochemical impedance SpectroSCOPY ....cvvvuuuiiiiiiiiieeeeereeeenennnnnns 114
2.9.1 Analysis data....cceiiiiiiiiiiiiiiiiiiiiiiiiii i e ittt r e e ae e e eaas 119
2.9.2 Sample preparation ...ttt e ea e 121
2. 10 REFEIENCES ettt et eaaees 121

3. Structural analysis of the fast ionic and high temperature phase of LiBH4

stabilised by anion sSUbSEITULION ... e e eaes 123
3.1 INErOAUCHION c.uueii e e 123
3.2 EXPerimMeNtal..cceiiiiiiiiiiiiiiiiiiii ittt ee e e ettt et e e e eaaaaaaaan 127

I B Y1 1= [T PP 127
3.2.2 Characterisation .....ooeeiiieiiiiiiiiiiiiii it eeaes 128
3.3 Results and diSCUSSION ..cviunueiiiiiiiiiiiiiiiii it eiiaeeees 130
3.301 Ball Milling conneenieie i e e e e eeaas 130
3.3.1.1 Powder X-ray diffraction .......cceuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeenns 130
3.3.2 Ball milling and thermal treatment..........ccoiiiiiiiiiiiiiiiiiiiiiiieenennns 132
3.3.3 Ball milling treatment only ....uuuuuiiiiiii i erereeeees 133



3.3.4 Scanning electron MiCrOSCOPY «uuuuurreeeeeeeeereeeeeereennnnnseeseeeaeeeeeaens 134

3.3.5 Phase diagram of the LiBH4 - LiBr system.......cccceviiiiiiiiiiiiiiiinnnnnen 135
3.3.6 Thermal stability ....ccoiiiiiiiiiiiiiiiiii i ittt reeeeeees 137
3.3.7 Electrochemical impedance SpectroSCOPY .....cvvviivirinniiiiiiiieneeeeennns 138
3.3.8 Powder neutron diffraction at room temperature ..........ccoeviiiiiean.n, 140
3.3.9 Powder neutron diffraction experiments at 393 - 573 K .....cccovveeeen.t, 143

3.3.10Constant wavelength powder neutron diffraction experiments at low

18] 0] 0 1=T = L A | = N 148
3.3.10.1 Results at room temperature......coovveeeeeeieeereereeeenennnnnnnnnnns 149
3.3.10.2 Results at low temperature (300 - 2 K) .evvviiiiiiiiiiiiiiiiiiiinnnnnns 152
3.3.10.3 Data on cooling from room temperature to 2 K ...........ccuune..... 158

0K TR I 0 Yo B0 o) 160

G R o o 11 ] o 3 165
3.5 RefEreNCES ..oiiiii i e 165

mixed cation - anion substitution..........cccoiiiiiiiiiiiiiiiii 167
4.1 INTrodUCHION «.eueeeiiii e 167
4.2 EXperimental..cceuueiiiiiiiiiiii ittt aaaaaaas 172
4.2.1 Synthesis of substituted HP - LiBHs phases ........cccovviiiiinnnnn... 172
4.2.1.1 Method 1 (LiBH4 - NaBH4) ..ccovvviiiiiiiiiiiiiiiiiiiiiiiiiies 173
4.2.1.2 Method 2 (LiBH4 - NaBr) ....coviiiiiiiiiiiiiiiiiiiiiiii i 173
4.2.1.3 Method 3 (LiBH4 - LiX - NaBH4, where X =Br-and I').................. 173
4.2.2 Characterisation ... ....ooveiiiiiiiiiiiiiiiiiiiiii e 174
4.3 Results and diSCUSSTON ...ouuiiiiniiiiiiiiiiiiii e e 174
4.3.1 Mixed cation borohydride .......ccooviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieenans 174
4.3.1.1 Method 1 (LiBH4 - NaBH4 system) .....covvviiiiiiiiiiiiiiiiiieeeeennns 174
4.3.2 Mixed cation - anion borohydrides........c.ccovviiiiiiiiiiiiiiiiiiiiiiieeeenns 176



4.3.2.1 Method 2 (LiBH4 - NaBr system) ....cooeviiiiiiiiiiiiiiiiiiiiiiiieeeeenees 176

4.3.2.2 Method 3...eeeineii i 178
4.3.3 Method 3: Characterisation of the HP - LiBH4 type phases................. 184
4.3.3.1 Raman SPECLIOSCOPY tevuuuereternneeereennneeeeeesnneseeeosnneeeessnnnanens 184
4.3.3.2 Electrochemical impedance spectroSCoOpPY......uuuuuiiiiiiiieeeeeeennns 185
4.3.3.3 Powder X-ray diffraction experiments .......c.ccvviiiiiiiiiiiiiennnnnnns 190
4.3.3.4 Li*ion migration in HP - LiBH4 - type materials ..........ccoovvvee.tn 192

R 1 Tod 11 [ 0 196
4.5 REFEIENCES . uunniiiiiiiiii it et 198
5. Lithium aminoboranes as candidates for solid state electrolytes............... 200
5.1 INtroduCtion ...couuueiiiiiii i e 200
5.2 EXPEerimMeNntal......ieeiiiiiiiiiiiiiiiiiiiiiii ettt rareeaaeaaaaaaaas 207
5.2.1 LiH - [NH3BH3] SYStem ..oiinuiiiiiiiiiii i e e e e e eaeeaes 207
5.2.1.1 Synthesis of LiNH2BH3 (a - LiNH;BH3 and B - LiNH;BH3) ............... 207
5.2.1.2 Synthesis of LiNH2BH3-NH3BH3 .....cocciiiiiiiiiiiiiiiiiiiie 208
5.2.1.3 Synthesis of Li[BH3NH2BH2NH2BH3] ....ovviiniiiiiiiiiiiiiiieee, 209
5.2.1.4 Synthesis of Li[BH3NH2BH2NH2BH2NH2BH3] ..eenveiniiiiiiinnnnee. 209
5.2.1.5 Synthesis of Li[BH4]1-x[NH2BH3]x ceuvvereiniiiiiiiniiiiiiiiiieenee, 210
5.2.1.6 Synthesis of Liz[BH4][BH3NH2BH2NH2BH3] . c.eveniiiiiiiiiienenne, 210
5.2.2 LiBHs - [NH3BH3] System ...ceiiiiiiiiiiiiii e 211
5.2.3 LiX" - [NH3BH3] (X7 = By 1) ueneieiiieiiiiiieieieieeseeeeeeneenneenens 211
5.3 Characterisation .......coviieiiiiiiiiiiiiiiiiiii i e 212
5.4 Results and diSCUSSION ....uuueiiiiiiiiiiiiiiii it eeaeas 213
5.4.1 [LiHJ[NH3BH3] SYStemM . uviiieieiiiiiii it eii e e eeieeeeeaeennnaennn 213
5.4.1.1 Synthesis of LiNH2BH3 (a - LiNH,BH3 and B - LiNH:BH3) ............... 213
5.4.1.2 Synthesis of LiNH2BH3-NH3BH3 .....cooviiiiiiiiiiiiiii, 217



5.4.1.3 Synthesis of Li[BH3NH2BH2NHz2BH3] ....cvvvviiiiiiiiiiiiit, 217

5.4.1.4 Synthesis of Li[BH3NH2BHz2NH2BH2NH2BH3] o.eevvveiiiiiiiiiiiiiitt, 225
5.4.1.5 Synthesis of Liz[BHa]1x[NHz2BH3]x c.oovvviniiiiiiiiiiii, 226
5.4.1.6 Synthesis of Liz[BH4][BH3NH2BH2NH2BH3].....vvvvnnviiiiiiiiiiia... 228
5.4.2 [LiBH4][NH3BH3] SYStem . cuueiiiiiiiiiii i ee e e eaees 229
5.4.2.1 Powder X-ray diffraction experiments .........ccccevviiiviniiiiinnnnnn. 229
5.4.2.2 RaMaN SPECLIOSCOPY .uuettrneeeteenneeeeeeenneeeeeesnnseeesesnnseeesennnns 231
5.4.2.3 Thermal analysis c.ooeeeiiiiiiiiiiiiiiiiiiiiiiiiiieeererennnnaaaennns 232
5.4.3 LiX" - [NH3BH3] teuriniitiitiiitii i e e ee et et ee e e e e eenennens 236
5.4.3.1 LiBr - [NH3BH3] SYStem...ucieiniiiiiiiiiiiiieiieeiieeaeeeenneen 236
5.4.3.2  Lil - [NH3BH3] SYStemM ..uueiiiiiiiiiiiii i eiieeieeeeeeeanaen 237
5.4.3.3 Thermal analysis ..cceeeiiiiiiiiiiiiiiiiiiiiiiiiieeieennnnnaaaenns 240
5.4.3.4 Structural Analysis .....coiiiiiiiiiiiiiiiiiiiiiiiieeinaaaeaans 246
5.4.3.5 High-resolution synchrotron diffraction at 292 K...................... 255
5.4.3.6 Electrochemical impedance spectrosCopy......c.ccevveieiiiiiinnnnnnnnns 264

5.5 CONCIUSIONS c.uuuiiieiiiii i e e 270
5.6 REfEreNCES «.uuviiiiiii i e 271
6. Structural analysis Of LilNBra.......ceeeiieiiiiiiiiiiiiiiiiiiiiiiiiii e, 273
6.1 INErOAUCTION «.uuviiiii e 273
6.1.1 EXPerimental...ccceeiiiiiiiiiiiii i eeeeeeeiiiiiiieeeeeeeeeeeeeasaannnnns 277
6.1.1.1 Synthesis of LilNBra......c.ceeeiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeieeieenans 277
6.1.1.2 Characterisation........ccceiiiiiiiiiiiiiiiiiiiiiiiiiiii i 277

6.2 Results and diSCUSSION ..cvinnueiiiiiiiiiiiiiiiii it iiaeeees 280
T Y/ 11 13 £ PN 280
6.2.2 RAMAN SPECLIOSCOPY «uuuuurureeeeeeeeeeeeeeeseesnnnnnnnnneeeeeeessssesssseennnnns 283
6.2.3 Thermal analysiS. . cceeeeeeeettteeeeeeeeenninnrneeeeeeeeeeesesssseeannnns 285



6.2.4 Electrochemical impedance spectroSCOPY ....ccvvvirrruuuniiieeeieeneeneennns 287

6.2.5 Powder neutron diffraction experiments .......ccccvvviiiiiiiiiiiiiiiennnnnns 289
6.2.5.1 Powder neutron diffraction at room temperature .................... 289
6.2.5.2 Powder neutron diffraction from room temperature to 353K ...... 293
6.2.5.3 Powder neutron diffraction at high temperature (353 K) ............ 298

6.2.6 LI NMR . ..uintinitet ittt ettt et e et e e et e era e aaaeneaans 302

6.3 CONCLUSTONS .ctuneiiiitiiii it eeeeaas 307
6.4 REfEreNCES ..uuuiiiiiiiii i e 308
728 € T U 1 [ o 310
S TRV o] o =] 1 Ve | (o= S N 314
8.1 Appendix A: Tables and Figures for Chapter 3 ......ccovviiiiiiiiiiiiiiiinnnnn.. 314
8.2 Appendix B: Tables and Figures for Chapter4.......ccooviiiiiiiiiiiiiinnnnn.. 317
8.3 Appendix C: Tables and Figures for Chapter 5......ccceeiiiiiiiiiiiinnnnnn.. 319

10



List of Tables

Table 1.1-1 Characteristics of cathode materials. ........cccoeeiiiiiiiiina.. 46
Table 1.2-1 Overview of the innovative and optimised electrolyte systems and
their potential physicochemical properties, as well as a brief evaluation of their
OVEIAll ST Oy . 4. i e e e e eaaan 53
Table 1.2-2 Structure of (X = Al, Ga and In) lithium halo complex salts and their
conductivities, respeCtiVely. . ... iiii ittt iennaaaeaaas 67
Table 2.3-1 Shape and symmetry representing the seven crystal systems. .. 88
Table 2.3-2 Volume of the unit cell. ....ovviiiiiiiiiiiiiiiiiiiiiiiiiiieeeeees 89

Table 2.3-3 Relation of the lattice spacing dh« to cell parameters in the

different crystal SYStemS. ..uuuuii ittt ettt eaaaaaaaas 89
Table 2.3-4 Systematic absences due to lattice type.....cccevvvviiiiiiinnnnant 90
Table 2.4-1 Scattering length for a selection of elements.?0................... 98
Table 3.1-1 Physical properties for alkali metal tetraborohydrides. ........ 123
Table 3.2-1 Samples prepared by mechanochemical treatment (1 - 8)..... 127
Table 3.2-2 Sample composition and preparation technique (9 - 17). ...... 128
Table 3.2-3 Summary of PND data collected from GEM at different
temperatures (16a-16b) for sample 16. .....vveiiiiiiiiiiiiiiiiiiiiiiiiiiiirreieeeeeeenns 129
Table 3.3-1 Sample Li(BHa4)2/3Br1,3 milled for different times (18 - 22). .... 133
Table 3.3-2 Structural results from PXRD (23 - 33)..ccviuiiiiiiiiiiiinnnnnnnnn 136
Table 3.3-3 Electrochemical Impedance measurements. ...........cccceeeeet 140

Table 3.3-4 Selected refinement parameters for 7Li(''BD4)2/3Br1/3 (16) from
neutron powder diffraction data. .......uuiiiiiiiiiii e 145
Table 3.3-5 Atomic parameters for 7Li("'BD4)2/3Br1/3 (16a) from neutron powder
diffraction data at 293 K. ....eeiiiiiiiiiiiiiii i e e e aeee s 145
Table 3.3-6 Atomic parameters for 7Li(''BDa4)2/3Br1/3 (16b) from neutron powder
diffraction data at 393 K. ...eeiiiiiiiiiiii i e e aee s 146
Table 3.3-7 Selected bond angles for 7Li(''BDa4)2/3Br1/3 (16a) from neutron
powder diffraction data at 293 K. ..ciiiiiiiiiiiiiiiiiiiiiii i et 146
Table 3.3-8 Selected interatomic distances for 7Li("'BD4)2/3Bri/3 (16a) from

neutron powder diffraction data at 293 K. ...ciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeees 147

11



Table 3.3-9 Selected bond angles for 7Li(''BD4)2/3Br1/3 (16b) from neutron
powder diffraction data at 393 K. ..ouiiiiiiiiiiiiiiii it 147
Table 3.3-10 Selected interatomic distances for ’Li("'"BD4)2/3Br1,3 (16b) from
neutron powder diffraction data at 393 K. ...ciiiiiiiiiiiiiiiiiiiiiiiiiiiiiii s 148
Table 3.3-11 Selected refinement parameters for “Li(''BDa4)2/3Br1/3 (17a-17¢)
from neutron powder diffraction D20 data from ILL. .....cccoviiiiiiiiiiiiiinnnnn... 149

Table 3.3-12 Aromic parameters for “Li("'BD4)2/3Br1/3 (17a) for neutron powder

diffraction data at 300 K. ...coiinnniiiiiiii i ettt rrreee e eaeaas 150
Table 3.3-13 Complete bond angles “Li(''BDa4)2/3Bri,3 (17a) neutron powder
diffraction data at 300 K. ...coiiiiiiiiiii i ettt e et eeeerrreeeeeeeaaens 150
Table 3.3-14 Complete bond lengths “Li(''BD4)2/3Bri/3 (17a) neutron powder
diffraction data at 300 K. .....ccoiiiiiiiiiiiiiiiiiiiii it eeeees 150
Table 3.3-15 Atomic parameters for 7Li("'BD4)2/3Bri,3 (17b) from neutron
powder diffraction data at 150 K. ..ooiiiiiiiiiiiiiiiiiiiiiii ittt e e eerraeees 153
Table 3.3-16 Complete bond angles 7Li(''BD4)2/3Br1/3 (17b) neutron powder
diffraction data at 150 K. ....oeiiiiiiiiiii et reee e 153
Table 3.3-17 Complete bond lengths “Li(''BD4)2/3Br1,3 (17b) neutron powder
diffraction data at 150 K. ..ceeiiiiiiiii i ettt ettt e rrreeeeeeaaeenns 154
Table 3.3-18 Atomic parameters for ’Li(''BDa4)2/3Bri;3 (17c) from neutron
powder diffraction data at 50 K. ..ovevirniiiiiii et 154
Table 3.3-19 Complete bond angles 7Li(''BDa4)2/3Br1,3 (17c) neutron powder
diffraction data at 50 K. ..ooiiiiiiiiiiiiiiiii i i ettt et e rrreeeeeeeeaaeens 155
Table 3.3-20 Complete bond lengths 7Li(''BD4)2/3Br1/3 (17¢) neutron powder
diffraction data at 50 K. .....ueiiiiiiiiiiiiiiiiiii i e e e e eaeeees 155
Table 3.3-21 Atomic parameters for 7Li("'BD4)2/3Bri,3 (17d) from neutron
powder diffraction data at 10 K. ..oooiiiiiiiiiiiiiiiii i e crrraeees 155
Table 3.3-22 Complete bond angles 7Li(''BD4)2/3Br1/3 (17d) neutron powder
diffraction data at 10 K. ...euneeiiiiiiiiiiiiiiii i et eeesee e eeenaeeees 155
Table 3.3-23 Complete bond lengths 7Li(''BD4)2/3Bri/3 (17d) neutron powder
diffraction data at 10 K. .ooiiiiiiiiiiiiiiiiiiiiiiii it i ettt e e eir i reeeeeeeeaaeeens 156
Table 3.3-24 Atomic parameters for ’Li("'BD4)2/3Bri,3 (17e) from neutron
powder diffraction data at 2 K. ....coiiiiiiiiiiiiiiiiiiiiiiii i et e e 156

12



Table 3.3-25 Complete bond angles Li("'BD4)2/3Br1/3 (17€) neutron powder

diffraction data at 2 K. ....eueeiiiiiiii i e 156
Table 3.3-26 Complete bond lengths 7Li(''BD4)2/3Br1/3 (17€) neutron powder
diffraction data at 2 K. ....eeeeiiiiii e 156
Table 4.1-1 Tree different strategies used in this chapter.................... 169

Table 4.1-2 Known phases of mixed cation light metal borohydrides and their
crystallographic characteristics?> 20 ... . uiiiri i i e ee e eieeeieeaneeanaenns 170
Table 4.1-3 Known phases of mixed cation - anion light metal borohydrides and
their crystallographic characteristiCs. .....coviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeenans 171

Table 4.3-1 Lattice parameters of samples from Method 1 (LiBH4 - NaBH4

MIXEUNES, 34 - 37 ) tiiiiiiiii ittt eeeeeeeeeeeeeeeeeeeessnnnnnnnnnnssseeseeseanes 175
Table 4.3-2 Lattice parameters of samples from Method 2 (LiBHs - NaBr
MIXEUNES, 38 = 46) 1 uriiiiiiiiiii ittt it itiieee et etteeeeeeennaeeessnnnneesssnnnneeeenes 177
Table 4.3-3 Composition of samples from Method 3-a (LiBH4 - LiBr mixtures,
) 179
Table 4.3-4 Lattice parameters of sample from Method 3-b (LiBH4 - LiBr - NaBH4
10N DO o R f ol 179
Table 4.3-5 Composition of samples from Method 3-a (LiBH4 - Lil mixtures, 48
R X ) I PPN 182
Table 4.3-6 Lattice parameters of sample from Method 3-b (LiBH4 - Lil - NaBH4
MIXEUNE, 54 = 60) 1 uniiiiiii ittt ettt tteeeeeeeeeeeeeenennnnnnnneaaaeeseenenans 182

Table 4.3-7 lonic conductivities (o) at 313 K and the activation energies (Eq)
for conduction in Lig.sNao.s(BH4)o.84Bro.16 (47c, HP - LiBH4), Lio.sNao.5(BH4)o.84l0.16 (57,
HP - LiBH4), LT - LiBH4, HP - LiBH4, Lil and NaBH4. ....cccovviiiiiiiiiiiiieen. 186
Table 4.3-8. Atom positions and isotropic temperature factors obtained from
Rietveld refinement against PXD data of the Lio.sNao.s(BH4)o0.84Bro.1¢ compounds at
FOOM LEMPEIATUIE (47C) . ceeiiiiiiititttiiii ettt eteeeeeteeeeeaeeasnnnnnnnneeeeeeseeeenens 192
Table 4.3-9. Atom positions and isotropic temperature factors obtained from
Rietveld refinement against PXD data of the Lio.sNao.s(BHa4)o.84l0.16 coOmpounds at room
1001 = LU [ (S A P PP 192
Table 4.3-10 Indirect jump mechanism .......cccoviiiiiiiiiiiiiiiiiiiiiieeeen. 195
Table 4.3-11 Migration enrgies of Li* ion through the two kinds of diffusion
path in rock-salt type LiX (X =F, CL, Brand 1).>" ....oiiriiiiiiiiiiiiiieeeeeeene 196



Table 5.1-1 Reported lithium ammonia borane compounds. ................. 201
Table 5.2-1 Summary of reactions (61 - 65), including experimental parameters
used and powder X - ray ProduCtS. ...uuuuieiiiiiieiieeteeeeetterrnnnnireeeeeeeeeeeeeeans 208
Table 5.2-2 Experimental conditions for synthesis of 66 including powder X -
7 )V ] (0T [ Tt & PP 208
Table 5.2-3 Experimental conditions for synthesis of 67 including powder X -
7 Vo] 0o [§ ot &S PP 209
Table 5.2-4 Experimental conditions for synthesis of 67a including powder X -
7 Vo] 0T [§ ot PP 209
Table 5.2-5 Experimental conditions for synthesis of 68 including powder X -
7 Vo] T [§ ot PP 209
Table 5.2-6 Experimental conditions for synthesis of 68a including powder X -
7= 1V o] {0 T [Tt PP 210
Table 5.2-7 Summary of reactions (69 - 70), including experimental parameters
used and powder X - ray Product. ....oiiiiiiiiiiiiiiiiiiiiiiiii e ete e errrraaaas 210
Table 5.2-8 Summary of reaction (71), including experimental parameters used
and powder X - ray ProdUCT. ......uueeeeeeeetitetteeieeeeeiiiiiieeeeeeeeeeeeeseeseeannnns 210
Table 5.2-9 Summary of reactions (72 - 77), including experimental parameters
used and powder X - ray ProducCt. ....euuuiiiiiiiiiiiieiiiiiiirrrraeeeaeeeeaaas 211
Table 5.2-10 Summary of reactions (78 - 82), including experimental
parameters used and powder X - ray producCt. .......cooiiiiiiiiiiiiiiiiiiiiiieeees 212
Table 5.2-11 Summary of reactions (83 - 86), including experimental
parameters used and powder X - ray producCt. .......coiiiiiiiiiiiiiiiiiiiiiiieeeees 212
Table 5.4-1 Assignment of Raman spectra (wavenumber [cm']) of
Li[BH3NH2BH2NH,BHs] and LiNH;BH3 at room temperature. Absorption bands of fresh
ammonia borane (AB) at RT are shown for comparison. (v = stretching, 0 =
deformation: bending and torsional modes) (Abbreviations: sh, shoulder, s, strong;
M, MEdiUM; W, WEAK).Z ..ttt e e e e eaeenes 220
Table 5.4-2 Decomposition pathway suggested in the literature for
Li[BH3NH2BH2NHZBH3]. % 27 ittt ettt e eee et e eaee e neas 221
Table 5.4-3 Summary of thermal stability analysis including data from TGA/MS,
XRD data and Raman analysSiS. ..oeeeeeeiiiiiiiiinniiiiiiiiiiieeeeeeeeeeeeeesnnnnnnnenennns 222

14



Table 5.4-4 Possible decomposition pathways for Li[BH3NH,BH,NH3BH3] (7a),
according to this work. (b) and (c) are theoretical proposed reactions and calculated
WETGNT [0SO, «iiiiiiiiitiiiii ittt ittt et eeeeeeeeeeseeeeesennnnnnnnnnnnnnns 225

Table 5.4-5 Summary of thermal stability analysis including data from TGA/MS
LT 1] 1 232

Table 5.4-6 Decomposition pathway suggested in the literature for
11535 P Y 1 L 5] o ) O A N 234

Table 5.4-7 Summary of thermal stability analysis including data from TGA/MS

analysis, XRD data and Raman SpeCtroSCOPY. ...cvvvvirrunnniiiiiieieeeeeeeeeeennnnnnns 240
Table 5.4-8 Possible decomposition pathways for NH3BHs. ................... 246
Table 5.4-9 Possible decomposition pathways for [Lil][NH3BH3] (84)........ 246

Table 5.4-10 Possible decomposition pathways for [Lil][NH3BHs]2 (86)...... 246
Table 5.4-11 Selected Rietveld refinement data from PXD data of the
[Lil][NH3BH3] (84) compound at 292 K. ....unnniiiiiiiiiiiieeeeeeeeeieiiniaaaees 249
Table 5.4-12. Atom positions and isotropic temperature factors obtained from
Rietveld refinement against PXD data of the [Lil][NH3BH3] compound at 292 K (84).

................................................................................................. 250
Table 5.4-13 Cell candidates for [Lil][NH3BH3]2 (86). cccuvuueveeeeeeeennnnnnn.. 250
Table 5.4-14 Selected Rietveld refinement data from PXD data of the
[Lil][NH3BH3]2 (86) compound at 292 K. ......uennniieetieeeeeeeeeiannnnnnnnees 254

Table 5.4-15. Atom positions and isotropic temperature factors obtained from
Rietveld refinement against PXD data for [Lil][NH3BH3], compound at 292 K (86). 255
Table 5.4-16 Selected Rietveld refinement data from synchrotron powder
diffraction data of the compound [Lil][NH3BH3] at 292 K (84)......ccevvvvveveennn... 258
Table 5.4-17. Atom positions and isotropic temperature factors obtained from

Rietveld refinement against synchrotron powder diffraction data for the [Lil][NH3BHz3]

compound @t 292 K (84). «iiiiiiiiiiiiiiiiiiiii ittt et et ettt e e 259
Table 5.4-18 Selected bond lengths [Lil][NH3BH3] (84) from high-resolution
synchrotron diffraction data at 292 K. .....vveiiiiiiiiiiiiiiiiiiiiiiiiiiiiireeeeeeeenn 259
Table 5.4-19 Selected angles [Lil][NH3BH3] (84) from high-resolution
synchrotron diffraction data at 292 K. ......eeriiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeens 260

Table 5.4-20 Selected Rietveld refinement data from synchrotron powder
diffraction data of [Lil][NH3BHs]2 (86) compound at 292 K. .....c.ccvvvvvvvveneennnnnn. 262



Table 5.4-21. Atom positions and isotropic temperature factors obtained from
Rietveld refinement against synchrotron powder diffraction data of the [Lil][NH3BHz]2
compound (86) @t 292 K. .uuuuiiiiiiiiiii ittt ittt eteaeeeeeeeeeaeaaeanaaaaaaas 263

Table 5.4-22 Selected bond lengths [Lil][NH3BH3]2 (86) from high-resolution
synchrotron data at 292 K. .....iiiiiiiii ittt ereraaaaaaans 264

Table 5.4-23 Selected bond angles [Lil][NH3BH3]2 (86) from high-resolution
synchrotron data at 292 K. ....eeiiiiiii ittt ettt eeennnnaeeaas 264

Table 5.4-24 lonic conductivities (o) at 343 K and the activation energies (Ea)
for conduction in Li[BH3NH2BH2NH;BH3] (67a), [LiBH4]2[NH3BH3] (73), [Lil][NH3BH3] (),
[Lil][NH3BH3]2 (86), LiBH4 and Lil compared with some lithium complex hydrides. 268

Table 6.1-1 Summary of LiBr-InBr3 reactions (87 and 88). For experimental

Aetails, SEE LOXE. ittt it i i ittt ettt e, 278
Table 6.1-2 Summary of PND data collected from GEM at different
temperatures (87a-87d) for sample 87. ..ccivviiiiiiiiiiiiiiiiii it 278
Table 6.2-1 Lattice parameters of LilnBr4 samples (LiBr-InBrs mixtures, 87 and
3] 280
Table 6.2-2 Vibrational spectra of crystalline LilnBr4 (w: weak, m: medium, s:
10 0] 0 1= TR P 283
Table 6.2-3 Vibrational spectra of crystalline indium trichloride and
trDrOmMIde. 12 . e 284

Table 6.2-4 Selected Rietveld refinement data from powder neutron
diffraction data of the LilnBrs compound at room temperature (87)................ 290
Table 6.2-5. Atom positions and isotropic temperature factors obtained from
Rietveld refinement against neutron diffraction data of the LilnBrs compounds at
FOOM LEMPEIATUIE (87). tieiiiiiiiiiiiiii ittt ee et teeeeeeeeaennnnnaeeaaaaaeeeeenans 291
Table 6.2-6 Interatomic distances in LilnBrs (87) from powder neutron
diffraction data at room temperature. .......coeviiiiiiiiiiiiiiiiii it 291
Table 6.2-7 Bond angles in LilnBr4 (87) from powder neutron diffraction data
Ll o To) 00 I 0= 100 1=] - AU | =T N 291
Table 6.2-8 Selected Rietveld refinement data for LilnBr4 at 353 K (87d).. 300
Table 6.2-9. Atom positions and isotropic temperature factors obtained from
Rietveld refinement against powder neutron diffraction data for LilnBrs at 353 K

2 ) YU 300
16



Table 6.2-10 Interatomic distances for LilnBrs at 353 K (87d)................ 301
Table 6.2-11 Bond angles for LilnBrs at 353 K (87d)...ccccvunnnnevnnennnnnnnn.. 301
Table 8.2-1 Selected Rietveld refinement data from PXD data of the

Lio.sNao.5(BH4)0.84Bro.16 (47c) compound at room temperature. .........cccoevveeeennn 317
Table 8.2-2 Complete bond lengths Lio.sNao.5(BH4)o.84Bro.16 (47c) powder
diffraction data at room temperature. .......covviiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeas 318

Table 8.2-3 Complete bond angles Lio.sNao.s(BH4)o.84Bro.16 (47c) powder
diffraction data at room temperature. .......covviiiiiiiiiiiii ittt 318
Table 8.2-4 Selected Rietveld refinement data from PXD data of the
Lio.sNao.5(BHa4)o0.84l0.16 (57) compound at room temperature .........cccevvveinnennn... 318
Table 8.2-5 Complete bond lengths Lio.sNao.s(BH4)o.84l0.16 (57) powder
diffraction data at room temperature. .......cccceiiiiiiiiiiiiiiiiiiiiiiiirreeeeeeenns 319
Table 8.2-6 Complete bond angles Lio.sNao.s(BH4)o.84l0.16 (57) powder diffraction
data at room temMPerature. ..oiiiiiiiiii ittt ee e e eeeeeieaeeeeeeeeaaeann 319

17



List of Figures

Figure 1.1-1 Schematic of a (a) charge and (b) discharge battery process in a
typical LixCe / Li1-xCoO; Li ion battery. During discharge, lithium ions diffuse from a
lithiated graphite (LixCs) structure (the anode) into a delithiated Li1.xCoO; structure
(the cathode) with oxidation and reduction of the two electrodes, respectively. The
reverse process occurs during Charge. ......coooviiiiiiiiiiiiiiiiiiiiiiiiiiii i, 41

Figure 1.1-2 Voltage versus capacity for positive- and negative-electrode
materials presently used or under serious considerations for the next generation of
rechargeable Li-based cells. The output voltage values for Li-ion cells or Li-metal
cells are cathodes, positive electrodes represented. Note the huge difference in
capacity between Li metal and the other negative electrodes, which is the reason
why there is still great interest in solving the problem of dendrite growth."....... 44

Figure 1.2-1 Schematic overview of possible abuse conditions for LIBs, the

resulting behaviour of the cell, and possible outcomes (Figure adapted from Kalhoff

Figure 1.2-2 Schematic illustration of the combustion mechanism of

conventional organic carbonate based electrolytes and the effect of FR additives.*

Figure 1.2-3 lonic conductivity (represented as log) as a function of reciprocal
temperature for lithium solid electrolytes, organic liquid electrolytes, polymer
electrolytes, ionic liquids and gel electrolytes.” 0 ... ..ccoviviiiiiiiiiiiiiiiieenne. 56

Figure 1.2-4 Crystal structure of Li1.3Alo.3Ti1.7(PO4);. Lithium, oxigen and
phosphor are represented as red, light blue and light purple spheres. The octahedra
formed by (Al/Ti)Og is represented in light grey. The tetrahedra for PO4 is represented
LT A= gL o o T [ o = PPN 57

Figure 1.2-5 Crystal structure of Li14ZnGe4O16. Lithium, oxigen and titanium
are represented as red, light blue and green spheres. The tetrahedra formed by GeO4

is represented in light grey. The tetrahedra for (Li/Zn)O4 is represented in orange.

Figure 1.2-6 Total ionic conductivities of Li* solid state electrolytes with
temperature a) LiBH4,'" b) Li(BH4)0.75Clo.25, %% ¢) Li(BH4)o.75l0.25, 192 d) Lis(BH4)(NHz)3,193

18



e) Liz2(BH4)(NH2), 93 f) LiAlH4, 104 g) LizAlHe, ' h) Li(NH2)o.67l0.33,19 i) LiNH, "%
j) LizMg(NH)z2,1% k) Li;Ca(NH)2,"% ) Li;NH, 06 107 m) Li1oGeP2S12,”° n) Li7P3S+1
(glass-ceramics),8 o) Li,S-SiS;-Li3P0O4 (glass), 08 109 p)
Li3.25Ge0.25P0.7554 (thio-LISICON),8 q) Li-B-alumina, ' 110 r) Lii4Zn(GeO4)4 (LISICON), "
s) Lio.34La0.51Ti02.94,3% 112 t) LizLa3Zr,012,""> "* and u) Li1.3Alo.3Ti1.7(PO4)3 (LATP).% .59

Figure 1.2-7 Crystal structure of (a) cubic (la-3d) and (b) tetragonal (/41/acd)
LizLa3Zr2012. Lithium, oxigen and lanthanum are represented as red, light blue and
purple spheres. The ZrQg is represented in light grey. ....cooviiiiiiiiiiiiiiiiinnn.. 61

Figure 1.2-8 (a) Structure of Li;B1;H12. (b) Relative geometry of the BiaHi2>
anion with boron and hydrogen atoms denoted by blue and grey spheres, respectively.
Li,B12H12 crystallises with a cubic structure (space group (Pa3) with lattice parameters
A =9.5771(2) A e 63

Figure 1.2-9 (a) Structure of Li;BioH10. (b) Relative geometry of the BioH1o?
anion with boron and hydrogen atoms denoted by blue and grey spheres, respectively.
Li;B1oH10 crystallises with a hexagonal structure (space group P6422) with lattice
parameters a = 7.042(1) and ¢ = 14.931(2) A. ™8 . ominininieee e 64

Figure 1.2-10 Relative geometry of the CB11Hi2" anion with boron, carbon, and
hydrogen atoms denoted by blue, brown, and grey spheres, respectively. LiCB11H12
crystallises in a orthorhombic structure (space group (Pca2) with lattice parameters
a=9.6668(5), b =9.4892(5) and ¢ = 9.7273(5) A. 10 Lo 64

Figure 1.2-11 (a) lonic conductivity measurements for LiNaB1,H12, Na2B12H12,
and LizB12H12 and (b) for LiCB11H12 (blue)' and NaCB1Hi2 (red)'™ as a function of
temperature (circles and squares denote the conductivities of the respective 15t and
2" temperature cycles and closed and open symbols denote respective heating and
cooling processes). The ionic conductivities are compared to other related materials:
NazB12H12,"*4 NazB1oH10,"*° NazBH4NHz, ! NaBH4'" and LiBH4"0'. .............cceeatll. 65

Figure 1.2-12 Energy changes on introducting defects into a perfect crystal at

a finite temperature. (Figure adapted from West)."83 ... ... i 70
Figure 2.2-1. Classification of crystal growth techniques.3..................... 83
Figure 2.2-2. Horizontal Bridgman technique. ..., 83

Figure 2.3-1 Schematic used for the derivation of Bragg’s law for X-ray
diffraction. A and B represent the incident X-ray beams striking with atoms with an

angle 6. A’ and B’ are the scattered X-rays. The lattice spacing is denoted by dh.
19



Bragg’s law is satisfied when a constructive interference occurs (the angle of

incidence has to be equal to the angle of scattering and the distance xyz must be

equal to a whole number of wavelengths, NA). ......cooiiiiiiiiiiiiiiiiiiiiiiiiiiieee, 86
Figure 2.3-2 Representation of a 3D unit cell. ....ccovviiiiiiiiiiiiiiiiiiiin.. 87
Figure 2.3-3 Interaction of X-ray beam (1 and 2) electrons in an atom. Beam

1’ and 2’ represent the scattered X-rays, Figure adapted from West."".............. 91
Figure 2.3-4 Form factors of Fe?*; O, Cand H."2 ... ...coiiiiiiiiiiiiiiiinennne. 92

Figure 2.3-5 Schematic of Diamond Light Source in Oxfordshire'® showing the
electron gun and the particle accelerators where the electrons are accelerated
afterwards (Linac and Booster synchrotron) and then send into the storage ring where
electrons circle until reach almost the speed of light generating a beamline which is
directed into separate experimental stations (only shown one, I11). ................. 94

Figure 2.3-6 Schematic representation of Beamline 111 showing the main
components and their approximate distances from the IVU (X-ray source).' ....... 94

Figure 2.4-1 Rutherford Appleton Laboratory in Oxfordshire. (a) Production of
H"ions by a proton accelerator (b) Synchrotron ring where H- ions are fired producing
a H* beam (c) Generation of pulses of high energy H* which bombard the tungsten
target, producing an extremely intense neutron pulse. The pulse is directed into
separate experimental stations (Target Station 1 and 2). ......covviiiiiiiiiiiiiinnn... 95

Figure 2.4-2. Neutron scattering factors as a fraction of atomic number, Z.20

Figure 2.5-1. The vibrational modes of a linear molecule: Vibrations a) and b)
are stretching modes. Bending mode c¢) occurs in the plane of the paper, while d)
occurs in a plane perpendicular to that of the paper. The two modes require the same
amount of energy and are therefore degenerate..........cccceviiiiiiiiiiiiiiiinnnn.. 107

Figure 2.5-2 Mechanism of IR absorption and Raman scattering. In the IR
technique, the frequency of the incident radiation is varied and the quantity of
radiation absorbed or transmitted by the sample is obtained. In the Raman technique,
the sample is illuminated with monochromatic light, usually generated by a laser.
Two types of scattered light are produced by the sample. Rayleigh scatter emerges

with exactly the same energy and wavelength as the incident light. Raman scatter
20



which is usually less intense than Rayleigh scatter, emerges at either longer or shorter

wavelength than the incident light. ... i, 107
Figure 2.5-3. Energy level diagram illustrating energy changes of different
types of Raman SCattering. .....cciiiiiiiiiiiiiiiiiiiiiii it iieeerenniaaaaaans 108
Figure 2.5-4 The vibrational modes of a tetrahedral molecule.?® %0,........ 110
Figure 2.6-1 Schematic of a typical SEM instrument. ..............ccceeeeen 112

Figure 2.9-1 Alternative current (AC) is a sinusoidal wave shape and has a

frequency; therefore both potential (E:) and current (/¢) oscillate shifted in phase,

Figure 2.9-2 (a) Nyquist or complex plane plot with the impedance vector

indicated (b) Limiting cases for impedance. .......c.cceviiiiiiiiiiiiiiiiiiiiiiinnnnn. 118
Figure 3.1-1 Pressure-Temperature phase diagram of LiBH4.”................ 124
Figure 3.1-2 Crystal structures of a) LT b) HT c) AT - LP and d) HP phases of

LiBH4, respectively (Li* ions are shown in red and BH4 in blue tetrahedra)........ 125

Figure 3.1-3 a) Phase diagram of LiBH4 depending on the temperature and
pressure (dots represent where conductivity measurements were undertaken) and b)
Conductivity of LiBH4 phases. . ....ccuiiiiiiiiiiiiiiiiii i 126

Figure 3.3-1Powder X-ray diffraction patterns of Li(BH4):1.xBrx mixtures after
ball-milling. (From top to bottom in terms of LiBH4:LiBr ratio: 4:1 (1), 3:1 (2), 2:1

(3), 1:1 (4), 122 (5), 1:3 (6)): ceuveeeeeeeieteeeeaieeereearneeeeeeasnneeesessnneessesnnnes 130
Figure 3.3-2 Raman spectrum of HT - Li(BH4)1xBrx ball milled for 4 h AT 500
rpm.LiBH4 (v = stretching, 0 = deformation: bending and torsional modes). ....... 131

Figure 3.3-3 Raman spectra of HT - Li(BH4)1-xBrx @) from 900 - 1500 cm-! b) from
2100 - 2500 cm™! (v = stretching, 0 = deformation: bending and torsional modes). 131
Figure 3.3-4 Powder X-ray diffraction patterns of Li(BH4)1.xBrx mixtures after
ball-milling and thermal treatment. (From top to bottom in terms of LiBH4:LiBr ratio:
3:1 (9), 2.5:1 (10), 2:1 (11), 1.5:1 (12), 1:1 (13), 1:2 (14), 1:3 (15))cueeeecneenn.. 132
Figure 3.3-5 Raman spectrum of HT - Li(BHa4)2/3Br1,3 and a comparison with the
corresponding spectrum of LT - LiBH4 (v = stretching, 0 = deformation: bending and
10e] £ (o] gt W ap (oTe (=3 A PP 133
Figure 3.3-6 Powder X-ray diffraction patterns of Li(BH4)2/3Bri/3 mixture
(LiBH4:LiBr, 2:1) after ball-milling for different periods of time. (From top to bottom

in terms of ball milling time: 4 h (18),8 h (19), 12 h (20), 16 h (21), 24 h (22))... 134
21



Figure 3.3-7 SEM images from Li(BHa4)2/3Br1,3 prepared by: a) milling and
thermal treatment; b), c) and d) milling only. .....ccoiiiiiiiiiiiiiiiiiiiiiiiiiiiiann, 135

Figure 3.3-8 Structure field map manifested as the respective unit cell volumes
as a function of LiBr mole fraction in Li(BH4)1-xBrx. 1-V represent the distinct phase
regions within compositional space. Black squares denote the LT orthorhombic LiBH4
structure (top-left y axis); open circles denote the HT hexagonal LiBH4 structure
(bottom-left y axis); black triangles denote the cubic LiBr (NaCl-type) structure (right
VA Y4 P PP 137

Figure 3.3-9 TG-DTA profile of milled Li(BH4)2/3Br1,3 on heating from room
temperature to 573 K. The temperature is indicated by the dotted line. .......... 138

Figure 3.3-10 Impedance data collected from Li(BH4)2/3Bri/3 (MT/TT) (11) (a)
at room temperature and (b) at 140 °C (right side). The data can be fitted using
equivalent Circuits @s ShOWN. ... i e e e e 139

Figure 3.3-11 Impedance data collected from Li(BH4)2/3Br1/,3 (MT) (24) (a) at
room temperature and (b) at 140 °C (right side). The data can be fitted using
equivalent Circuits @s ShOWN. ... et eees 139

Figure 3.3-12 Plot of conductivity as a function of temperature for Li(BH4)@-
xBrx on heating. Compound x = 1/3 was prepared by either mechanochemical and
thermal treatment (MT/TT) or by MT . coiiiiiiiiiiii e ceeeeeeeaas 139

Figure 3.3-13 Rietveld profile fits for (a) PXD data and high-resolution neutron
powder diffraction data collected from (b) bank 4 (50° < 26 < 74°) and (c) bank 5
(79° < 206 < 106°)% (of the GEM diffractometer for 7Li(""BD4)2/3Br1,3 at 293 K (16a).
Observed data are shown as dots, the calculated pattern as a solid line and the
difference profile as a solid line at the bottom of the plot. Vertical bars represent
the reflection positions for the phase. ... 142

Figure 3.3-14 Crystal structure models of 7Li(''BD4)2/3Bri/3 (16a) with a
polyhedral representation of the BD4+ anion and showing: (a) a single Li site with
displacement parameters refined anisotropically; (b) two partially occupied Li
positions with isotropic displacement parameters;. (D atoms are omitted; Ellipsoids
at 50 % probability level). Lithium, boron and bromie are represented as yellow, black
and blue spheres. The BD4 is represented in light blue..............cccovviiiiiiiial. 143

Figure 3.3-15 Cell dimensions of “Li(''BD4)2/3Br1/3 as a function of temperature

(16) ettt 144
22



Figure 3.3-16 Rietveld profile fits for (a) GEM detector bank 4 and (b) GEM
detector bank 5 for 7Li("'BD4)2/3Bri/3 (16b) using high-resolution neutron powder
diffraction data at 393 K. Measured data are shown as dots, the calculated profile is
shown by a solid line through the measured data. The difference profile is shown
along the bottom of the plot. Vertical bars represent the reflection positions for the
9] T T PP 144

Figure 3.3-17 Rietveld profile fits for (a) PXD data and high-resolution neutron
powder diffraction data collected from (b) D20 from “Li(''BD4)2/3Br1,3 at 300 K (17a).
Measured data are shown as dots, the calculated profile is shown by a solid line
through the measured data. The difference profile is shown along the bottom of the
plot. Vertical bars represent the reflection positions for the phase. ............... 152

Figure 3.3-18 Rietveld profile fits for high-resolution neutron powder
diffraction data collected from D20 from ’Li("'"BDa4)2/3Br1,3 at 150 K (17b). Measured
data are shown as dots, the calculated profile is shown by a solid line through the
measured data. The difference profile is shown along the bottom of the plot. Vertical
bars represent the reflection positions for the phase. .........ccoiviiiiiiiiiiiiint 153

Figure 3.3-19 Variations of (a) atomic parameters from boron and bromide
(boron and bromide represented with triangles and squares, respectively), (b) Li
fraction occupancy, and (c) atomic parameter from Li on cooling from room

temperature to 2 K in “Li('"BD4)1-xBrx (17a - 17e). Error bars are represented in black.

Figure 3.3-20 Powder neutron diffraction patterns for 7Li(''BD4)1-xBrx on cooling
from room temperature to 2 K as collected on D20 at ILL (17a -17e) from 26 = (a) 33.2
-68.9 ° (b) 63.9-107.2 °and (€) 100.5 - 151.0 . rrrrriiiiiiiii it eeeeaeeees 158

Figure 3.3-21 Variations of unit cell parameters on cooling from room
temperature to 2 Kin “Li("'BD4)1.xBrx (17a -17€). (a) a parameter, (b) c parameter and
(c) cell volume. Error bars are represented in black........cccvvviiiiiiiiiiiinnnnnn 159

Figure 4.1-1 Crystal structures of the LiBH4 phases observed at 0-18 GPa at
ambient temperature.’ Coordination environment of the BH4 tetrahedra by Li atoms
is highlighted. a) Tetrahedral coordination in the LT - phase. b) Square-
planar coordination in the AT - LP phase. c¢) Octahedral coordination in the HP -
9] = 167

23



Figure 4.1-2 Variation of the volume of the LiBH4 formula unit in the three
phases at ambient temperature. The circles represent experimental data. Vertical
lines represent phase tranSitioNSs.”.....co.ivreiiiriiiiiiiei i ereeeeenneennss 168

Figure 4.1-3 Proposed mechanism for cation substitution in LiBH4 using NaBH4

1TSS o o T T 170
Figure 4.1-4 Proposed mechanism for cation substitution in LiBH4 using NaBr
(A1 g To o 17 2 T PP 172

Figure 4.3-1 Na content in Lii.xNaxBH4 (Method 1), where LT - LiBH4 is
represented with red squares and NaBH4 with blue circles. Error bars are shown for
(=T ol IR 101 0] U= PP 175

Figure 4.3-2 Phase diagram of LiBH4 - NaBr system by mechanochemical
treatment. Five different phases were identified: LT - LiBH4 in red squares; HT - LiBH4
in light blue squares; HP - LiBH4 (Li1-xNax(BH4)1xBrx) in green circles; NaBr in blue
circles; and LiBr in orange circles. The left axes is for all the compounds apart from
the HT - LiBH4 that is represented in the right axes (Method 2). Error bars are shown
0] =T Vel n Y= 11 ] o1 U= S 178

Figure 4.3-3 XRD pattern of sample 47a. Synthesis of the precursor (LiBH4 :
LiBr, 2:1) by mechanochemical treatment, for 24 h at 500 rpm (Method 3-a, HT
phase). The peaks are indexed using the Pésmc space group of the high temperature
polymorph of LiBH4 SErUCTUIE. .. .vveiiiiiiiiiiiiii i ettt e eeeesneeeees 179

Figure 4.3-4 XRD pattern of sample 47b only by mechanochemical treatment
for 10 h at 500 rpm (Method 3-D). cceeiiiiiii e 180

Figure 4.3-5 XRD pattern of sample 47c post mechanochemical (10 h at 500
rpm) and thermal treatment (5 K min', 20 h at 598K, Method 3-b, HP phase).... 181

Figure 4.3-6 XRD patterns of the precursors (LiBH4 : Lil mixtures, HT phase, 48

10 ) I (1T 1 T Yo I T ) T 183
Figure 4.3-7 XRD pattern of [LiBH4 : Lil] : NaBH4 mixtures (54 - 60, Method 3-
b) which could be identified as pure HP - LiBH4 type phases. .......ccccevvvnnnnann 183
Figure 4.3-8 Cell dimensions of 54 - 60 as a content of lodide. (Method 3-b,
| o] = T PP 184

Figure 4.3-9 Raman spectra of 47c (Lio.sNao.s(BH4)o.84Bro.1i¢) and 57
(Lio.sNao.5(BH4)o0.84l0.16) and a comparison with the corresponding modes of HT -

Li(BH4)0.67Bro.33, HT - Li(BH4)o.6710.33, LT - LiBHs and NaBH4. .......ccoovvviiinnine... 185
24



Figure 4.3-10 Nyquist plot of 47cand 57 at 313 K...ooviiviiiiiiiiiiiiiinnnes 186
Figure 4.3-11 Plot of conductivity as a function of temperature for LiBH4 24,
NaBH4 2%, and Lig-y)Nay(BH4)(1-xsxy)X x(1-y) or HP - LiBH4 (X’ = Br- (47c) and I(57) on
LT L PP 187
Figure 4.3-12 Nyquist plots of 57 (frequency range 1MHz to 1Hz at 1mV).
Measurements performed ata) 313 Kand b) 413 K. ..coiiiiiiiiiiiiiiiiiiiiiiiieennn. 188
Figure 4.3-13 Conductivity measurements for (Li,Na) (BH4,l) with low iodide
content. Samples from bottom to top: 54, 55, 56 and 57. ..., 189
Figure 4.3-14 Conductivity measurements for (Li,Na) (BH4,1) with higher levels
of iodide substitution. Samples from top to bottom: 57, 58 and 59. ................ 189
Figure 4.3-15 Crystal structure of cubic Li-y)Nay(BH4)1-x+xy)X x(1-y) (HP - LiBH4 -
type). Borohydride anions are shown as B - centred polyhedra (blue) and halides are
represented by purple spheres, whilst the cations are represented by spheres, Li* as
red spheres and Na* as yellow SPheres. ..ot eeeeeeiiiiaeees 190
Figure 4.3-16 Profile plot from the Rietveld refinement against X-ray powder
diffraction data for (@) Lio.52(6)Nao.48(6)(BH4)0.83(3)Bro.17(3) (47¢) (b)
Lio.e(1)Nao.4(1)(BH4)0.84(4)l0.16(4) (57) (Red crosses: experimental profile; green line:
calculated profile; pink line: difference profile; tick marks: Bragg reflections for the
NaCl-type borohydride halide phase)......ceeeiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiieeeeeeeeees 191
Figure 4.3-17 pathway for Li* migration in Lio.sNao.5(BH4)(1-x+xy)X’x(1-y) (HP - LiBH4
- type). Borohydride anions are shown as B(X’) - centred polyhedra (blue), whilst the
cations are represented by spheres, Li* as red spheres and Na* as yellow spheres. One
corner Li* site is shown as “empty” (just as in NaCl, (Li, Na)(BH4/X’) would be
expected to include a small number of intrinsic cation and anion vacancies) and a Li*
ion from opposite corner moves to occupy it. The direct and indirect jump are
represented as dotted line and curved arrow, respectively. ........cccevvviiinnnnnn 193
Figure 4.3-18 a) and c) represent the triangular channel of radius r’ through
which a moving Li* ion must pass in the borohydride compound. Blue circles 1, 2 and
3 are anions, either BH4 or X (where X = Br or I). Yellow circles are cations (Li* or
Na*, 50% probability). Note that this figure is adapted from West.%0 ............... 193
Figure 5.1-1 Crystal structure of NH3BHs.3 Boron and nitrogen atoms are

represented in black and green, respectively........ccoviiiiiiiiiiiiiiiiiiiiiinens 200

25



Figure 5.1-2 The simplified mechanism of two competing reactions during the
thermal decomposition of alkali metal amidoboranes: direct evolution of Hz (top) and
formation of M[BH3NH2BH2NH;BH3]phases with the evolution of NH3; (bottom).? .. 203

Figure 5.1-3 a) PXD powder pattern of LiNH2BH3; presented by Z. Xiong et al.
in 2008 (top).® Signals representing Li[BH3NH2BH;NH;BH3] are marked with grey
stripes (top). For comparison PXD patterns of LiNH2BH3 and Li[BH3NH2BH2NH;BHs]are
shown (bottom). b) PXD powder pattern of LiNH,BH3 by C. Wu et al. in 2010 (top).'*
14 Signals representing Li[BH3NH,BH,NH;BHs]are marked with grey stripes (top). For
comparison PXD pattern of LiNH;BH3 and Li[BH3NH2BH2NH;BH3] are shown (bottom).?

................................................................................................. 203
Figure 5.1-4 Crystal structure of Li[BHsNH2BH2NH2BH3]. ..ocevvveiiinnaiett. 204
Figure 5.1-5 Crystal structures of a) [LiBH4]2[NH3BH3], b) Ca[BH4]:[NH3BH3] and

C) MG[BH4]2[NH3BH3] 2. ¢ e ettt e e e e naaees 205

Figure 5.1-6. XRD patterns of the LiNH,BH3 (LiAB) - xLiBH4 mixtures with (b) x
=0.1, (c) x=0.2, (d) x=0.25, () x=0.33, (f) x=0.5, (g) x=1, (h) x=2, (i) x = 10,
respectively. XRD patterns of (a) as prepared LiNH2BH3 and (j) commercial LiBH4 are
ShOWN fOr COMPAriSON. . ...t er e e e e eanaens 206
Figure 5.1-7 Crystal structure of Li2[BH4][NH2BH3]. ..c.cvvvvveinnniinninn.... 206
Figure 5.4-1 PXD pattern of the reaction product (62) after ball milling LiH :
NH3BH3 (1:1), ball milling for 16 h, 1 : 400. White squares represent a - LiNH2BH3 and
grey circles represent Li[BH3NH2BH2NH2BH3]. oovveinnniiiiieeeieieeee 214
Figure 5.4-2 PXD pattern of the reaction product (62) measured 2 days after
being synthesised. White squares represent a - LiNH;BH3; grey squares represent
LiNH,BH3-NH3BH3; and grey circles represent Li[BHsNH2BH,NH2BH;s]................. 215
Figure 5.4-3 PXD pattern of the reaction product (63) after ball milling LiH :
NH3BH3 (1:1), for 16 h (1 : 400, ball : powder ratio). White squares represent a -
LiNH,BH3, grey squares represent LiNH,BH3-NH3BH3 and grey circles represent
Li[BH3NH2BH2NH2BH3]. . eeeeeiiiiii it e e eeeenneeeeaaes 215
Figure 5.4-4 PXD pattern of the reaction products after ball milling LiH :
NH3BH3 (1:1), for 5 h with ball : powder ratio of: (a) 1 : 80 (64) and (b) 1 : 400 (65).
White squares represent a - LiNH;BH3, grey squares represent LiNH,BH3-NH3BH3, grey
circles represent Li[BH3NH,BH,NH2BH3] and white circles represent B - LiNH2BH3. 216

26



Figure 5.4-5 PXD pattern of the reaction product (66) after ball milling LiH :
NH3BH3 (1:2), ball milling for 2 h (1 : 400 ball : powder ratio). Grey squares represent
LiNH2BH3-NH3BHs3, grey circles represent Li[BH3NH,BH;NH;BH3] and black squares
represent NHaBHz. ... neseeeeeeeaaaanaaans 217

Figure 5.4-6 PXD pattern of the reaction product (67) post ball milling LiH :
NH3BH3 (1:3), for 2 h, (1 : 400, ball : powder ratio). Grey squares represent
LiNH,BH3-NH3BH3, grey circles represent Li[BH3NH2BH,NH;BH3] and black squares
represent NHaBHi. ...t ettt eaaeees 218

Figure 5.4-7 PXD pattern of the reaction product (67a) of LiH : NH3BH3 (1:3)
post ball milling and thermal treatment at 75 °C. Grey circles represent
Li[BH3NH2BH2NH2BH3]. ettt e et ee e e e e aaees 218

Figure 5.4-8 Raman spectra in the range 500 - 4000 cm™" using a 532 nm laser
of commercial NH3BH3; and Li[BH3NH;BH,NH2BH3] (sample 67a) (v = stretching, 0 =
deformation: bending and torsional modes). ......cccvviiiiiiiiiiiiiiiiiiiiiiiieeeens 219

Figure 5.4-9 Typical TG-DTA plot of sample 67a. STA analysis was carried out
in an Ar atmosphere, heating the sample at 5 °C min-' from ambient temperature to
200 °C. Black line represents TG curve and red line represents DTA curve. ....... 221

Figure 5.4-10 Typical mass spectrum recorded of Li[BH3NH;BH2NH,BH3] (67a)
during thermal treatment. Gases monitored were: NH3 (green); B2Hs (brown, blue and
purple); BsHsN3 (red); Ha (DlacK). coveeeennniiiiiiiii it e et eeeeeees 222

Figure 5.4-11 Post-TGA product after heating sample 7a under an Argon flow
from room temperature t0 200 °C at 5 C minT....oiiiiiiiiiiiiiiiieii e 223

Figure 5.4-12 Raman spectra in the range 2000 - 4000 cm' using a 532 nm laser
of (a) commercial LT - LiBH4, (b) commercial NH3BH3, (c) Li[BH3NH2BH2NH,BH3] (67a),
and (d) post-TGA product after heating Li[BH3NH,BH,NH2BH3] (67a) under an Argon
flow from room temperature to 200 °C at 5°Cmin™. ... ..o, 224

Figure 5.4-13 PXD pattern of the reaction product (68) of LiH : NH3BH3 (1:4)
post ball milling. Grey circles represent Li[BH3NH2BH,NH;BH3] and black squares

FepPresent NHaBHa. ...t e rreeeeeaaaaaaaaaeas 226
Figure 5.4-14 PXD pattern of the reaction product (70) of LiBH4 : LiNHBH3
(1:2), ball milling 2 h. White triangles represent Liz[BH4][NH2BH3]. ................. 227

27



Figure 5.4-15 PXD pattern of the reaction product (69) of LiBH4 : LiNH2BH3 (1:1)
after ball milling for 2 h. White triangles represent Li2[BH4][NH2BH3]; and black
triangles represent LT - LiBH4. coveniiiiiiii et e e iiieciceeeeeeeeeeeeans 228

Figure 5.4-16 PXD pattern of the reaction product (71) of
Li[BH3NH2BH2NH2BHs]: LiBH4 (1:1), after ball milling for 2 h. Grey spheres represent
[BH3NH;BH2NH;BH3] and black triangles represent LT - LiBH4. ......ccooiiiinnaat 229

Figure 5.4-17 PXD pattern of the reaction products of LiBH4 : NH3BH3 mixtures
(@) 3:1 (74) (b) 2:1 (73) (c) 1:1 (72). Arrows represent LiBH4-NH3BH3; black squares
represent NH3BH3; black diamonds represent Li;[BH4]:[NH3BH3]; and black triangles

represent LT - LiBHa. . .iiiiiiiiiiiiiiiiiiii et eeeee e e neeees 230
Figure 5.4-18. PXD pattern of the reaction product (73) of LiBH4 : NH3BH3 (2:1).
Black diamonds represent Li2[BH4]2[NH3BH3]. ccuuunnnnnneiieiiiiiiiiiiiiiiiiieees 230

Figure 5.4-19. Raman spectra in the range 500 - 4000 cm™" using a 532 nm laser
of NH3BH3, [LiBH4]2NH3BH3 (sample 73) and LiBH4, (v = stretching, 0 = deformation:
bending and torsional MOAES). ...viviiiiiiiiiiiiiiiii ittt e e eeeeeeeeeeeeaens 231

Figure 5.4-20 Typical TG-DTA plot of sample 73. STA analysis was carried out
in an Ar atmosphere, heating the sample at 5 °C min-' from ambient temperature to

200 °C. The black line represents the TG curve and the red line represents the DTA

Figure 5.4-21 Post TG-DTA product after heating sample 73 under an Argon

flow from room temperature to 200 °C at 5 °C min™'. Black triangles represent LT -

Figure 5.4-22 Typical mass spectra recorded of [LiBH4]2[NH3BH3] (73) during
thermal treatment. Gases monitored were: NHs (green); B;H¢ (bown, blue and
purple); BsHsN3 (red); Ha (DlacK). coveeeennniiiiiiiii e eeeee e eeeees 235

Figure 5.4-23 Raman spectra in the range of 3000 - 3600 cm™" and 2000 - 2800
cm’ (on the left and on the right, respectively) using a 532 nm laser of (a) NH3BH3,
(b) LiBH4, (c) [LiBH4]2[NH3BH3] (sample 73), and (d) post-TGA product after heating
sample 73 under an Argon flow from room temperature to 200 °C at 5 °C min-'. . 236

Figure 5.4-24 PXD patterns of the reaction products of LiBr : NH3BH3 mixtures
of: (a) 2:1 (78); (b) 1:1 (79); (c) 1:2 (80); (d) 1:3 (81); and (e) 1:4 (82) ratios

respectively. Black squares represent NH3BH3 and white circles represent LiBr... 237

28



Figure 5.4-25 PXD patterns of the reaction products of Lil : NH3BH3; mixtures:
(@) 2:1 (83); (b) 1:1 (84); (c) 2:3 (85) and (d) 1:2 (86). Black circles represent Lil;
black triangles represent “[Lil][NH3BH3]’’; and white squares represent
B I L 1= Y 238
Figure 5.4-26 Raman spectra of NH3:BHs3, [Lil][NH3BH3] (sample 84) and
[Lil][NH3BH3]2 (sample 86) (v = stretching, 0 = deformation: bending and torsional
1310 L] R PP 239
Figure 5.4-27 Typical TG-DTA profiles of samples (a) 84 and (b) 86. STA analysis
was carried out in an Ar atmosphere, heating the sample at 5 °C min' from ambient
temperature to 200 °C. Straight lines represent STA curve and discontinuous lines
FEPIESENES TG CUMV . . ittt ittt ettt eeeeeeeeeeeeeeeeannnnnnnnnesessaseesennes 241
Figure 5.4-28 Post-TGA product after heating sample 84 under an Argon flow
from room temperature to 200 °C at 5 °C min'. Black circles represent Lil. ...... 242
Figure 5.4-29 Typical mass spectrum recorded for [Lil][NH3BH3] (84) during
thermal treatment. Gases monitored were: NH3 (green); B:He (brown, blue and
purple); BsHsN3 (red); Ha (DlacK). coveeeennniiiiii e e eee e eeeeeees 242
Figure 5.4-30 Raman spectra in the range of 3000 - 3600 cm™' and 2000 - 2800
cm™’ (on the left and on the right, respectively) of (a) NH3BHs, (b) [Lil][NH3BHs3]
(sample 84) and (c) post-TGA product after heating sample 84 under an Argon flow
from room temperature to 200 °C at 5 C min.....ciiiiiiiiiiiiiiiii e 243
Figure 5.4-31 Post-TGA product after heating sample 86 under an Argon flow
from room temperature to 200 °C at 5 °C min'. Black circles represent Lil. ...... 243
Figure 5.4-32 Typical mass spectra recorded of [Lil][NH3BH3]. (86) during
thermal treatment. Gases monitored were: NH3 (green); B;He¢ (brown, blue and
purple); BsHsN3 (red); Hz (Black). «oveeeiiiiiiiiiiiiiiiiiiiii i e e e e e rrrcaeees 244
Figure 5.4-33 Raman spectra in the range of 3000 - 3600 cm™" and 2000 - 2800
cm’ (on the left and on the right, respectively) (a) NH3BHs, (b) [Lil][NH3BH3]2 (sample
86) and (c) post-TGA product after heating sample 86 under an Argon flow from room
temperature to 200 °C at 5 cC minT. ..o e 245
Figure 5.4-34 Profile plot from the Rietveld Refinement against X-ray powder

diffraction data for (a) (black crosses: experimental profile; red line: calculated

29



profile; blue line: difference profile; tick marks: Bragg reflections for the
TN 11 L 11 K TS PP 247
Figure 5.4-35 Crystal structure of [Lil][NH3BH3] (84). Lithium, iodide, nitrogen,

boron and hydrogens are represented as red, purple, green, black and grey spheres,

3]0 1=t 0 1771 S PP 248
Figure 5.4-36 Possible space groups for [Lil][NH3BHs]2 a) C2/m, b) Cm and c)
[0 N 251

Figure 5.4-37. C2/m, only half of the cell is represented with a mirror plane
at (020), iodine atoms are shown in purple and residual electron density is in light
9] LT 251

Figure 5.4-38. Hypothetical C2/m symmetry model with the mirror plane
represented in yellow. Lithium, iodide, nitrogen, boron and hydrogens are
represented as green (large spheres), purple, dark green (small spheres), and light
blue and white spheres, respectively. ...ccoviiiiiiiiiiiiiiii i e 252

Figure 5.4-39. Crystal structure of [Lil][NH3BHs]2 (86) as refined in space group
C2. Lithium, iodide, nitrogen, boron and hydrogens are represented as yellow,
purple, green, black and grey spheres, respectively......cccceviiiiiiiiiiiiiiiiinnnnn. 252

Figure 5.4-40 Profile plot from the Rietveld refinement against X-ray powder
diffraction data for [Lil][NH3BHs]2 (86) (black crosses: experimental profile; red line:
calculated profile; blue line: difference profile; tick marks: Bragg reflections for the
[LITTINH3BH3]2) eeeteeeiitttteiiiieteeeeiteeeaeaaeeereeanneeeeeeanneeesssnnnneeseannnns 253

Figure 5.4-41 Crystal structure of [Lil][NH3BH3]. (86). Lithium, iodide,
nitrogen, boron and hydrogens are represented as red, purple, green, black and grey
SPheres, resPeCtIVElY. «oiiiiiiiiiiiiii ittt e eeee e e et ee i rraeeeeeaeeaeeens 253

Figure 5.4-42 Plot for 24 from the Rietveld refinement against high-resolution
synchrotron diffraction data (red dots: experimental profile; green line: calculated
profile; pink line: difference profile; tick marks: Bragg reflections for the NH4l (top),
[Lil][NH3BH3]2 (middle) and [Lil][NH3BH3] (bottom). ....cvvviviiniiiiiiiiiiiiannnes 256

Figure 5.4-43 Crystal structure of [Lil][NH3BHs] (84). Lithium, iodide, nitrogen,
boron and hydrogens are represented as red, purple, green, black and grey spheres,
(o =Tt 0 1Y | S PP 257

Figure 5.4-44 Profile plot from the Rietveld refinement against high-resolution

synchrotron diffraction data for 86 (red dots: experimental profile; green line:
30



calculated profile; pink line: difference profile; tick marks: Bragg reflections for
L N 1 5] Y ) T 260
Figure 5.4-45 Crystal structure of [Lil][NH3BH3]. (86). Lithium, iodide,
nitrogen, boron and hydrogens are represented as red, purple, green, black and grey
SPheres, reSPECHIVELY. «iuuutiiiii i it ittt ettt eeeeanaaaaaanns 261
Figure 5.4-46 Nyquist plot for [LiBH4]2[NH3BH3] (73) and [Lil][NH3BH3]2 (86) at
292 K represented in red and blue, respectively. .....ccoeiiiiiiiiiiiiiiiiiiiiinnnnn.. 265
Figure 5.4-47 Nyquist plot for Li[BH3NH2BH:NH:BH3] (67a) (at 353 K) and
[Lil][NH3BH3] (84) (at 292 K) represented in purple and green, respectively....... 265
Figure 5.4-48 Plot of conductivity for Li[BH3NH:BH;NH;BH3] (67a),
[LiBH4]2[NH3BH3] (73), [Lil]J[NH3BH3] (84) and [Lil][NH3BH3]. (86) as a function of
temperature on heating. LT - LiBH43? and Lil are plotted for comparison. ......... 266
Figure 5.4-49 Comparison of the ionic conductivity between the four different
lithium ammonia borane complexes synthesised (67a, 73, 84 and 86)............... 267
Figure 6.1-1 p block metals are represented in light orange; Metalloids are
represented in green; Non-metals are represented in purple. Halogens are
represented in Lght BlUE. ......eviiiiiiiiiiiiii e e et e e e e rraeees 274
Figure 6.1-2 Proposed cubic spinel structure by Yamada et al." Lithium, indium

and bromide ions are represented as red, purple, and green spheres, respectively.

Figure 6.1-3 Profile plot from the Rietveld Refinement against X-ray powder
diffraction data for LilnBrs conducted by Yamada et al.' Black dots: experimental
profile; black line: calculated profile lower; black line (apparently): difference
profile; tick marks: Bragg reflections for the cubic LilnBrsphase. Red arrows indicate
MISSING FefleCtions. ... e e aa 275

Figure 6.1-4 Proposed monoclinic spinel structure by Yamada et al.” Lithium,

indium and bromide ions are represented as red, purple, and black spheres,

T Tl ot 1] | PP 276
Figure 6.1-5 Plot of conductivity as a function of temperature for LilnBrs and
LizsInBre 0N heating. ... cuiiiiiii it e ee e e aaas 276
Figure 6.1-6. LilnBr4 formation using CVT using a sealed silica tube. ....... 277

31



Figure 6.2-1 PXD pattern of the reaction product after mechanochemical

milling for 4 h (87). Miller indices for the rhombohedral LilnBr4 phase are indicated.

Figure 6.2-2 PXD pattern of the reaction product after mechanochemical
milling for 4 h and adapted Bridgman-Stockbarger methods for 12 h at 513 K (87).
Miller indices for the rhombohedral LilnBr4 phase are indicated..................... 281

Figure 6.2-3 PXD pattern of the reaction product after quenching with liquid
N2 (88). Black squares represent RT LilnBrs phase. ........cccovvviiiiiiiiiiiiinin.. 282

Figure 6.2-4 PXD of the reaction product after (a) mechanochemical milling
for 4 h and adapted Bridgman-Stockbarger methods for 12 h at 513 K (87) and (b)
quenching with liquid N2 (88). Black circles represent RT LilnBrs phase. ........... 282

Figure 6.2-5 Variable temperature Raman spectra from 30 - 250 cm™' for LilnBry4
<7 S 283

Figure 6.2-6 Normal modes of vibration of an octahedral MLe¢ molecule
belonging to the On point group. Stretching modes: (a), (b), and (c) and bending
modes: (d), (e), and (f) are shown. Li/In cations are represented by red and purple
spheres and Br anion by green spheres (Figure adapted from Reddy).""............ 284

Figure 6.2-7 Typical TG-DTA plot of LilnBrs. STA analysis was carried out in an
Ar atmosphere, heating the sample at 5 K min"' from ambient temperature to 533 K.
The black dotted line represents the TG curve and the solid black line represents the
D 17N ol B ] 7 286

Figure 6.2-8 TG-DTA plot of LilnBrs on heating and cooling. STA analysis was
carried out in an Ar atmosphere, heating the sample at 5 K min~' from ambient
temperature to 373 K, holding the temperature for 20 min (not shown) and cooled
down to 305 K at 5 K min-'. Red dotted line represents the TG curve and the solid red
line represents the DTA curve, for heating. The black dotted line represents the TG
curve and the black solid line represents the DTA curve, for cooling. .............. 287

Figure 6.2-9 Nyquist plot of LilnBrs, 87, at room temperature (black open
circles) and at 353 K (red open circles). Inset: Zoom the Nyquist plot of LilnBrs at 353
PPN 288

Figure 6.2-10 Plot of log conductivity as a function of temperature for LilnBry

(o] T 1=T- Y = SO PP 288

32



Figure 6.2-11 Profile plot from the Rietveld refinement against (a) lab powder
X-ray data and (b-d) GEM ToF powder neutron diffraction data; (b) bank 3, (c) bank
5, and (d) bank 6 at room temperature (red dots: experimental profile; green line:
calculated profile; pink line: difference profile; tick marks: Bragg reflections for
LIINBIA (87) ). e eeittiiie ittt e e 289
Figure 6.2-12 Proposed crystal structure for the RT - LilnBrs. Bromide anions
are represented as green spheres. Lithium and indium cations are represented as
red/purple spheres, sharing the same site. ......ccoviiiiiiiiiiiiiiiiiiiiiiiiiieeees 292
Figure 6.2-13 Variations of the unit cell parameters and the Br z coordinate on
heating (87) from 292-353 K: (a) Cell Volume (b) a parameter (c) ¢ parameter (d)
bromide position. Error bars are represented inred.......cccciiiiiiiiiiiiiiinnnnn 294
Figure 6.2-14 Fourier-observed calculation at room temperature: (a) powder
X-ray data combined with powder neutron diffraction data and (b) powder neutron
diffraction data. (c) Crystal structure of LilnBrs at room temperature. ............ 296
Figure 6.2-15 Fourier-observed calculation at 353 K for Model 1: (a) powder
neutron diffraction data. (b) Model 1 of LilnBrsat 353 K. ...evviniiiiiiiiinnnnnnnnn 297
Figure 6.2-16 Second model proposed for LilnBrs at 353 K. Lithium and indium
ions are represented as red and purple spheres. Octahedra formed by (Li/In) and
bromide are presented in light green. ......cccoiiiiiiiiiiiiiiiiiii e 298
Figure 6.2-17 Profile plot for sample 87 from the Rietveld refinement against
GEM ToF powder neutron diffraction data from (a) detector bank 3, (b) detector bank
5, and (c) detector bank 6 (red dots: experimental profile; green line: calculated

profile; pink line: difference profile; tick marks: Bragg reflections for the LilnBrs).

................................................................................................. 299
Figure 6.2-18 Linewidth as a function of temperature. ....................... 302
Figure 6.2-19 Half-height linewidth as a function of temperature. ......... 303

Figure 6.2-20 Fitting of the recovery curve with one and two components. 303
Figure 6.2-21Two vs three component fit at 80 °C. .....ccvviiinviviiinnnne... 304
Figure 6.2-22 T1 (spin-lattice relaxation time) measurements, divided into
three components ((a) T1(1), (b) T1(2) and (c) T1(3) which correspond to long, short
and intermediate relaxing components) and (d) PWRA for these three components.

Measurements taken at heating, cooling and at RT after the measurement was

33



performed and are indicated in red, dark blue and cyan. Vertical lines show when
there is a change in the tendency of the measurement. ..........cccooiiiiiiinn. 305

Figure 6.2-23 Arrhenius plot for component T1(1) (slow relaxing) - heating.

Figure 8.1-1 Rietveld profile fits for high-resolution neutron powder diffraction
data collected from D20 from 7Li(""BD4)2/3Br,3 at 50 K (17c). Measured data are shown
as dots, the calculated profile is shown by a solid line through the measured data.
The difference profile is shown along the bottom of the plot. Vertical bars represent
the reflection positions for the phase. ......coovviiiiiiiiiiiiiiii e, 314

Figure 8.1-2 Rietveld profile fits for high-resolution neutron powder diffraction
data collected from D20 from “Li(''BD4)2/3Br1/3 at 10 K (17d). Measured data are shown
as dots, the calculated profile is shown by a solid line through the measured data.
The difference profile is shown along the bottom of the plot. Vertical bars represent
the reflection positions for the phase. ... 314

Figure 8.1-3 Rietveld profile fits for high-resolution neutron powder diffraction
data collected from D20 from “Li(''BD4)2/3Br1/3 at 2 K (17e). Measured data are shown
as dots, the calculated profile is shown by a solid line through the measured data.
The difference profile is shown along the bottom of the plot. Vertical bars represent
the reflection positions for the phase. ...t 315

Figure 8.1-4 Diffraction pattern on cooling from “Li(''"BD4)1xBrx from room
temperature to 2 K. Data collected at ILL (17). vuuuuuiiiiiiiiiiiiiiiiiiiiiiiiiieeeenns 315

Figure 8.1-5 Diffraction pattern on cooling from room temperature to 2 K. Data
(ofo] | C=Tetd=Te J- Ll | B A DO PP 315

Figure 8.1-6 Thermal factors of deuterium, boron/bromde and lithium atoms
represented with triangles, squares, and circles, respectively (17). Error bars are
=] o] (3= a1 =T« FO PP 316

Figure 8.1-7 Fractional ocuppancy of the two tetrahedra units (BH4) (17). 316

Figure 8.3-1 Nyquist plot of 55 at 313 K. it 319
Figure 8.3-2 Nyquist plot of 54 (black), 56 (red), 58 (green), 59 (grey) and 60
(L) I LA A 3 G PP 319

34



Acknowledgments

| would like to thank my supervisors, Prof Duncan H. Gregory and Dr Edmund J.
Cussen, for offering me the possibility to work in their research group at University
of Glasgow and University of Strathclyde and for their help, support and all the

learning opportunities provided throughout my PhD.

| would like to acknowledge Dr David C. Apperley from Solid State NMR at Durham
University, Prof David A. Keen from Rutherford Appleton Laboratory, Dr Annabelle
Baker from Diamond Light Source and Dr Thomas Hansen from Institut Laue-Langevin

for their patience while running my samples.

| would like to thank all of you for your support: Dr Tuan Hoang, Dr Sina Saremi, Dr
Nuria Tapia-Ruiz, Dr Giulia Balducci, Dr Saleem Denholme, Dr Marc Segales, Dr
Sebastian Schneider, Dr James Hanlon and Dr Iwona Malka. Mimmo, Davide, Simon,
Joachim, Tina, Luis, Masha, Alex and Rurru: thanks guys for making the work area so
friendly. Mharie Scott-Dickins, Naina Seolin and Yongzhi Yua, thanks to the three of

you for helping me too, hope | was a nice supervisor.

Amaia, thanks for all the time that we have spent together during our PhD (coffees,
lunches and so on). You made this experience less difficult. David and Susan Morrison

both of you have made me feel like | had a second family in Scotland, many thanks.

A big big thanks goes to Stephen, being with you has made these years much easier.
You made me laugh when | needed it the most, you supported me and never
complained. Also thanks a lot for reading and checking my super long thesis. Love

you!

And to my friends from Spain: Jose, Lauri, Debo, Albert, Sara, Cris, Maria, Lorena,
Iris, Ascen y Xavi y también Elena, Sofi, Vila, Marta e Ivan gracias chicos por darme
todos esos buenos momentos, cada vez que volvia a casa, que tanto me ayudaban a

cargar las pilas a tope.

Last but not least, | would like to thank my family, gracias papa y mama (Caski y
Merche) por vuestro apoyo incondicional. Sin vosotros nunca hubiese podido acabar
este proyecto. Male, siento no haber podido estar cuando mas me has necesitado,

pero espero que podamos recuperar todo este tiempo. Os quiero.

35


https://www.facebook.com/naina.seolin

Me gustaria dedicar este proyecto a toda mi familia de Ledn, Bilbao y Barcelona por
siempre creer en mi, ayudarme a seguir adelante y animarme cada vez que los
visitaba durante todo este periodo. A mis abuelos, en especial a esas tres mujeres de

mi vida que me han servido de apoyo e inspiracion. Gracias Mera, Irene y Sofia.

“Caminante, son tus huellas
el camino y nada mas;
Caminante, no hay camino,
se hace camino al andar.
Al andar se hace el camino,
y al volver la vista atras
se ve la senda que nunca
se ha de volver a pisar.
Caminante no hay camino

sino estelas en la mar.”

Antonio Machado (Joan Manuel Serrat)

36



Abbreviations

LIB Li ion battery

EV Electric vehicles

HEV Hybrid electric vehicles

PHEV Plug in hybrid electric vehicles
LTO LisTisO12

LFT LiFePO4

LMP LiMnPO4

LMN LiMn1.5Ni0.504

LNMC LiNi1/3Mn1/3C01/30;

LLZO LizLa3Zr2012

SEI Solid - electrolyte interphase
EC Ethylene carbonate
PC Propylene carbonate

DMC Dimethyl carbonate

ESW Electrochemical stability window

DEC Diethyl carbonate
FR Flammable retardant
OLE Organic liquid electrolytes

IL Inorganic liquids



SPE

GPE

SE

LIC

LLTO

LATP

LGPS

LATP

LAGP

CHs

LT

HT

LP

HP

PXD

PND

SEM

EIS

Solid-polymer electrolyte
Gel-polymer electrolyte
Solid-state electrolyte
Lithium ion conductors
Lithium lanthanum titanate
Li1.3Alo.3Ti1.7(PO4)3
Li1oGeP2S12
Li20-Al203-TiO2-P20s
Li20-Al203-Ge02-P20s
Complex hydrides

Low temperature phase
High temperature phase
Low pressure phase

High pressure phase
Powder X-ray diffraction
Powder neutron diffraction
Scanning electron microscopy

Electrochemical impedance spectroscopy

38



Declaration

The work presented in this thesis is the original work of the author except where
specific reference is made to other sources. It has not been submitted, in whole or

in part, for any other degree at this or any other institution.

Irene Cascallana Matias

Date: June 2016.

39



1. Introduction

Over the past century, human activities (burning fossil fuels to produce energy,
industrial processes, and some agricultural practices) have released large amounts of
CO2 and other greenhouse gases (methane, nitrous oxide and chlorofluorocarbons
(CFC)) into the atmosphere. These greenhouse gases act like a mirror and reflect
back to the Earth some of the heat energy which would otherwise be lost to space.
CFC form radicals with ultraviolet radiation from the Sun. These radicals react with
the ozone layer in the stratosphere breaking down molecules of ozone. The depletion
of ozone in the stratosphere results in reduced absorption of ultraviolet radiation.
Consequently, unabsorbed and dangerous ultraviolet radiation is able to reach the
Earth’s surface at a higher intensity, causing the rising global temperatures.’ The use
of renewable energy resources, such as wind or solar power energy plants, is a simple
sustainable solution at a reasonable cost that can be used for any task. However
renewable energies are intermittent, and therefore require high efficiency storage
systems. Electrochemical systems, such as batteries, could be the solution. Batteries
efficiently store and deliver energy on demand in stand-alone power plants. These
devices cover a range of applications independent from utility power ranging from

portable consumer electronic devices to electric vehicles.

One of the sectors that are trying to decrease the emission of greenhouse gases
and therefore decrease pollution and global warming is the automobile industry.
According to studies from Wards Auto, in 2009 the global number of automobiles in
use, was 980 million, however only one year later the number reached 1.015 billion.
The OECD's International Transport Forum predicts for 2050 that the number of

automobiles will increase up to 2.5 billion.?

From 2009 electric vehicles (EVs), hybrid electrics vehicles (HEVs) and plug in
hybrid vehicles (PHEV) were available.3 4 These vehicles would help to reduce the
emission of greenhouse gases and the dependence on oil resources.# However the
current limitation for electric vehicles is the storage battery. Compared with other
batteries, Li ion batteries (LIBs) are the most suitable for electric vehicles because
of their capacity for higher energy and power output per unit of battery mass.>?2 In
fact, it is predicted that in 2020 more than half of the automobile sales will be EVs,

HEVs and PHEVs. Nowadays nickel metal hydride (NiMH) batteries are the most used
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in all hybrids on the market, but only within one decade it is expected that there will
be a move from these batteries to LIBs in 70% HEVs, and 100% of PHEV and EVs.°

1.1 Liion batteries

Li ion batteries play a significant role in portable devices due to their high
gravimetric and volumetric energy density, high power density, long cycle life and
low self-discharge property.'® LIBs are considered the most efficient energy storage
materials for cellular phones, laptops and digital electronics. However if LIBs are
applied to larger devices such as HEV, PHEV, and PEV, then the energy density needs

to be increased.

A battery is a device which stores electrical energy by converting chemical
energy. In a LIB, the anode (1.1) is the electronegative electrode and the cathode
(1.2) is the electropositive electrode. The lithium ions move from the anode to the
cathode during the discharge and from the cathode to the anode when charging,
whereas the electrons flow in opposite directions (Figure 1.1-1). The anode is
commonly graphite in current state of the art LIBs. The electrodes are separated by
an electrolyte that transfers the ions inside the cell and forces the electrons outside
the battery. The output on discharge is an external electronic current | at a voltage
V for a time At. The chemical reaction must be reversible on the application of

charging [ and V.
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Figure 1.1-1 Schematic of a (a) charge and (b) discharge battery process in a typical LixCs / Li1-
xC00O> Li ion battery. During discharge, lithium ions diffuse from a lithiated graphite (LixCe)
structure (the anode) into a delithiated Li;«CoO, structure (the cathode) with oxidation and
reduction of the two electrodes, respectively. The reverse process occurs during charge.
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At the anode 6C + xLi* + xe™ - Li,Cq 372mAh gt (1.1)
At the cathode LiCo0O, - Li;_,Co0, + xLi* + xe~ 143mAh g™! (1.2)
During discharge and charge, an internal battery resistance (Rp) to the ionic
current /i = | reduces the output voltage Vdis from the open-circuit voltage Voc by a

polarization n = l4isRb and increases the voltage Vcn required to reverse the chemical

reaction on charge by an overvoltage n = IchRb ((1.3) and (1.4)):

Vais = Vo — 1(q, Lais) (1.3)
Ven = Voc = n(q, Icn) (1.4)
where g represents state of the charge.

The open-circuit voltage of a cell is the difference between the

electrochemical potentials pa and pcof the anode and cathode, respectively (1.5):

Voc = (1ta — c)/e (1.5)

The efficiency of a cell to store energy at a fixed | is as equation (1.6) shows:

Qais
Jy  Vais(@)dq §
Qc

Jy " Ven(@)dg

o= Yl - [ “dq (1.7)

where Q is the total charge per unit weight (A h kg'') transferred by the current I =

100 (1.6)

dq/dt on discharge or charge (1.7). Q(/) indicates the cell capacity for a given I; The
cell capacity depends on | because the rate of transfer of ions across electrode /
electrolyte interfaces becomes diffusion-limited at high currents. A diffusion-limited
loss of the Li inserted into an electrode particle at a high rate of charge or discharge
represents reversible loss of capacity. However other phenomena that happen during
charge / discharge cycling (changes in electrode volume, electrode-electrolyte
chemical reactions, and/or electrode decomposition) can cause an irreversible loss
of capacity. During the first cycling process, when the cell is discharged, an
irreversible electrode-electrolyte reaction occurs which forms a passivating solid-

electrolyte interface (SEI) layer on the surface of the electrode. This process is not
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considered in the irreversible capacity loss during cycling. Therefore the Coulombic
efficiency of a single cycle associated with the capacity loss is (1.8):
Qais

Qch
The cycle life of a battery is defined as the number of the cycles until the capacity

x100 (1.8)

fades to 80% of its reversible value. The efficiency of the cell is also regulated by the
cost, safety, density (specific and volumetric) of stored energy, output power (P(q) =
V(qg)ldis for a given discharge current) and calendar life. The energy stored in a fully
charged cell depends on the discharge current lqis; the available energy stored in a
fully charged cell (1.9) is obtained by measuring the time (At(ldis)) for its complete

discharge at a constant l4is = dg / dt:

At 0Q

energy=f IV(t)dt=j V(q)dq (1.9)
0

0
The gravimetric energy density (W h kg™') is dependent on lais through Q(/4is).

The volumetric energy density (W h L") is of particular interest for portable batteries,

especially those that power hand-held or laptop devices."

For instance, LIBs produce 3.7 V and demonstrate a capacity and power of 150
A h kg'! and over 200 W h kg, respectively. Nowadays rechargeable batteries have
shown 30,000 charge / discharge cycles which could be equal to 10 year operational

life.12

Lithium-ion cells, in their most common form, consist of a graphite anode, a
lithium metal oxide cathode and an electrolyte of a lithium salt and an organic
solvent (Figure 1.1-1 and Figure 1.1-2). Lithium is a good choice for an
electrochemical cell due to its large standard electrode potential (-3.04 V) resulting
in a high operating voltage, and the fact that it is the metal with the lowest density

which reduces weight.
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Figure 1.1-2 Voltage versus capacity for positive- and negative-electrode materials presently
used or under serious considerations for the next generation of rechargeable Li-based cells. The
output voltage values for Li-ion cells or Li-metal cells are cathodes, positive electrodes
represented. Note the huge difference in capacity between Li metal and the other negative
electrodes, which is the reason why there is still great interest in solving the problem of dendrite
growth.!3

1.1.1 Anodes, negative electrodes

The anode of the commercialised LIB with high power is composed of graphite
due to its low potential with respect to Li*/Li and high energy density with the
formation of LiCe. However the graphite layers break and change shape when Li is
incorporated because of the increase of the lattice volume which leads to the
formation of the SEl passivation layer and hence the battery life decreases.'?
Therefore, efforts have been made to replace graphite with LisTisO12 (LTO). Li4TisO12
has a spinel structure and an operating voltage of 1.5V vs. Li*/Li."*'” Unlike graphite,
Li4TisO12 does not suffer a dilation of the lattice when Li* is incorporated in the
structure and no stress is observed during cycling. The drawback of the Li4TisO1,
anode is that it has a low energy density which is important for fully EVs, but not for
devices that demand more power than energy such as HEVs. Recent results obtained
for LFP/LTO (LiFePOQ4/Li4Tis012) cells are making these electrode combinations really

attractive because LIBs exhibit huge capacity.'? 18

1.1.2 Cathodes, positive electrodes

LiCoO; is the most commonly used cathode because of its layered structure
which permits the introduction of Li ions in to its framework. In 1990, the first LIB
was commercialised by Sony Energytec' which contained LiCoO; as a cathode

material. These LIBs can be found in small devices, however they fail when employed
44



in to larger applications such as vehicles, mainly because of safety issues.2% 2!
Therefore studies on other cathodes have been carried out to replace these
materials. Mainly three different families of cathodes are known. Firstly, an extended
family of lamellar compounds, based on LiCoO, in which Co is partly substituted by
other metals. In 2001, the first cathode of this family was reported which was
LiNi1/3Mn1/3C01/302  (LNMC).2» 22 Mn is added to order the Li position.
LiNi1/3Mn1,3C01,302 undergoes mixing of lithium in the lithium layer and nickel from
the transition metal layers because of their similar cationic radii (Li*) 0.76 A, Ni2*
(0.69 A). This cation disorder has been shown to be correlated to irreversible
capacity, possibly because it impedes lithium diffusion. Therefore Mn is added to
order the Li position, which prevents Ni to occupy the same site as Li. Ni is the
electrochemically active element. Co is still needed to avoid the antisite defect,
originated from Ni2* on the Li* site,’ because Li* and Ni?* have similar ionic radii.?*
The antisite defect concentration cannot exceed more than 2% (Li/M %) otherwise

the electrochemical performance of the battery is reduced.

The second family is the olivine compounds and the prototype of these
materials is LiFePOs4 (LFP).? These cathodes show low intrinsic electronic
conductivity and their use only became realistic when it was discovered that
conductivity could be enhance sufficiently by coating the material with conductive
carbon.?¢ Since then, the material has been intensively studied. Different cathodes
of the LiMPO4 family have been reported (M = Mn, Co, Ni where the M2*/M3* redox
potential vs. Li*/Li are 4.1, 4.8 and 5.1 V, respectively) however LiMPQO4 are not as
competitive as LiFePQO4 (3.4 V vs Li*/Li).?” The most studied of the other olivines is
LiMnPO4 (LMP) as it shows a higher / theoretical energy density than LiFePO4 (701 W
h kg'and 586 W h kg™!, respectively).?” LMP’s intrinsic electronic conductivity is lower
than LiFePO4 and coating with conductive carbon is necessary. However Fe is more
reactive towards carbon than Mn? 2° and the capacity remains lower than LiFePO4
even when using high amounts of carbon. The carbon content must be high enough

for full and homogeneous coating of the particles, thick coatings have a detrimental

" Antisite defect is defined as a substitutional defect which is caused when an atom A which should occupy an x
site is occupying a y site where an atom B should be placed. This is neither a vacancy nor an interstitial, nor an
impurity.
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effect of the electrochemical performance, probably reflecting a kinetic hindrance
to lithium ions penetration.3° This issue leads to really low capacities compared to

LiFePO4, even at high rates, which is required for high power supplies.

The third family is formed by spinel compounds, the prototype being LiMn204.
This material has been incorporated as a cathode in LIBs for EVs. However the
manganese is soluble in the electrolyte and reduces the calendar life of the LIB
dramatically. As a consequence, LiFePO4 has been replacing these cathodes. Lately,
LiMn+.5Nio.504 (LMN) has attracted interest because it provides the Ni(IV)-Ni(ll) formal
valences at about 4.7 V vs Li*/Li.3" 32 However, some surface reactions at the
cathode/electrolyte interface cause degradation in the electrochemical

performance. 33

Table 1.1-1 Characteristics of cathode materials.

Cathode Voltage / V Capacity / W h kg Cycle life Applications

_ Mobile phones, tablets,
LiCoO- 3.60 150 — 200 500 — 1000
laptops, cameras

Power tools, medical
LiMn20q4 3.70 100 - 150 300 - 700 devices, electric

powertrains

o 1000 — E-bikes, medical devices,
Li(Ni/Mn/C0)O 3.60 150 — 220 _ )
2000 EVs, industrial
Portable and stationary
] 1000 - ) )
LiFePO4 3.40 90-120 2000 needing high load currents

and endurance

In recent years research has focused on the improvement of these cathodes.
For instance, in LiNi1;3Mn1,3C01,302 the concentration of antisite defects has been
decreased considerably and therefore studies are being performed to improve the
disorder of the surface layers. For LiFePO4, which can be found already in HEVs and
EVs, the research is focus on the reduction of the cost of the synthesis of the material
by new routes.3* For LiMnPO4 and LiMn1sNio.504, research is focusing on the
improvement of the cathode-electrolyte surface. The formation of a thick SEI layer

in contact with commercial electrolytes hinders its stable operation at >4.5 V and
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>40 °C. These detrimental surface reactions are accompanied by capacity fade,
degradation in the rate capability, and safety problems such as thermal runaway. 3>
To alleviate the unwanted reaction with electrolyte and the consequent performance
degradation, surface-modification approaches with inert oxides3¢ 37 (e.g., Al,O; and

AlPO4) have been pursued.
1.2 Electrolytes
1.2.1 Background

1.2.1.1 Small - scale lithium ion batteries

Small - scale portable electronic devices are well established since they have
been used for the last 25 years. For instance, graphite is the most common anode
and the use of graphite is enhanced by the addition of ethylene carbonate (EC). This
organic material creates a SEI® with the electrode (graphite) when reductively
decomposed at the graphite surface.3** EC forms a SElI which is stable and
electronically insulating but ionically conducting (permeable to Li* cations). The
formation of a SEI prevents continuous electrolyte decomposition at the graphite
surface at low potentials. The formation of a SEI also inhibits co-insertion during
cycling, otherwise it would lead to graphite exfoliation. EC possesses a high dielectric
constant which ensures high salt dissociation and prevents ion-pair formation
between EC and LiPFs. Dimethyl and/or diethyl carbonate (DMC and DEC) are added
to EC to obtain low viscosities which contribute to a suitable electrolyte solvent
mixture and enhance ionic conductivity.3%#! Finally, a lithium salt has to be dissolved
in the organic solvent, the carbonates coordinate to the Li* cation strongly, improving
the ion transport properties of electrolyte (i.e. LiPF¢). The electrolyte properties
(i.e. flammability or SEI formation) can be modified by using additives, which will be

explained in section 1.2.2.1.

1.2.1.2 Large - scale lithium ion batteries

LIBs have become really important in electronic devices (mobile phones,
laptops, tablets, etc.) but some improvements are still needed to enhance energy
and poder densities. However, when these batteries are used for large-scale
applications, other aspects such as safety, must be considered. LIBs are

electrochemical devices that offer high energy densities and substantial heat
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generation when exposed to harsh conditions (mechanical, electrical, and thermal)

can occur. Once heat is generated, the electrodes and electrolytes can undergo side

reactions which can ultimately lead to fire or explosion of the cell. Therefore, to

produce a high performance LIB it is necessary not only to achieve good ionic

conductivity, electrochemical inertness towards the cell components and suitable

interfacial properties but also electrochemical stability (Figure 1.2-1).
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Figure 1.2-1 Schematic overview of possible abuse conditions for LIBs, the resulting behaviour

of the cell, and possible outcomes (Figure adapted from Kalhoff et al.). *
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The great demand for batteries with high power and energy densities promotes
the need for advanced lithium-ion battery technologies. Solid electrolytes offer the
possibility to replace organic liquid electrolytes and thereby improve the safety of
next-generation high-energy batteries. Although the advantages of non-flammable
solid electrolytes are widely acknowledged, their low ionic conductivities and low
chemical and electrochemical stabilities prevent them being used in practical

applications.

In an effort to overcome these problems, there has been an ongoing search
over the past few decades for new materials for solid electrolytes. This search has
considered crystalline, glassy, polymer and composite systems which will be

explained in detail in the following section.
1.2.2 Drawbacks for large - scale lithium ion batteries

1.2.2.1 Organic liquid electrolytes

EC is the most common organic solvent used in LIBs, and there is still some
room for improvement of its chemical properties. EC is used in solution mixing it with
1 M LiPFe. The final mixture has high viscosity and results in a relatively low ionic
conductivity. Alternatively, other cyclic carbonates have been investigated such as
propylene carbonate (PC), however it is not used in high quantities since it does not
form a stable SEI. Linear organic carbonates have been suggested as an alternative,
these organic compounds show low viscosities which contribute to a suitable ionic
conductivity by lowering the overall viscosity of the mixture. However linear organic
carbonates show lower dielectric constant which promote the ion-pair formation
instead of high salt dissotiation, apart from lower boiling points, lower flash points
and more volatile than cyclic carbonates.* The SEI formed between the organic
solvent and the anode is less stable leading to the continuous decomposition of the
electrode at the anode surface and intercalation of the lithium-ion solvation shell.4
Xu et al. found that mixtures of different organic solvents with linear and cyclic
structures had better performance;3° on one hand, by using cyclic organic materials
such as EC the ionic conductivity is improved (EC has a high dielectric constant)
whereas on the other hand, linear carbonates have low viscosity. Incorporating cyclic

with linear carbonates enhanced the reduction in release of toxic gaseos such as CO,
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CH4, or CH20, because the decomposition kinetics are decreased comparing to EC
itself. Mixing cyclic and linear carbonates also means that SEI formation is also
possible and stable. However there are still some concerns such as flammability and

thermal stability, since the mixtures of these carbonates still possess low flash points.
Lithium Salts

LiPFe is the most common lithium salt used in commercial LIBs due to its
exceptional properties. It shows high ionic conductivity,4> 4 chemical inertness, a
wide electrochemical stability window (ESW),® and an ability to passivate the
aluminium current collector.® Aluminium is commonly employed as the cathodic
current collector because of its low cost and weight. 1 M LiPF¢ can also dissolve EC,
whereas EC on its own is solid; the combination of cyclic and linear carbonates (EC
and DMC) with LiPFe increases the decomposition temperatures® of the mixture. But
despite all the benefits of LiPFs some improvements remain to be made. If the battery
overheats, LiPF¢ decomposes into LiFs), insoluble in most of the organic solvents used
for LIBs, favouring degradation, and PFs) (a strong Lewis acid) which induces ring-
opening reactions of cyclic carbonates and continuous electrolyte degradation
(1.10).>1-33

PFs can also lead to toxic reactions in contact with ppm of water forming
hydrofluoric acid and can react with the organic solvent forming toxic fluoro-organic

compounds (1.11).%

PFs + H,0 - 2HF + POF, (1.11)

HF, apart from being a highly toxic gas, can react with other compounds in the
battery and therefore degrade some of the parts resulting in the rapid decay of the
entire battery.> The other side product, PFs, can also react with the SEI layer
components and form a solid layer of insulating LiF leading to the death of the battery

at relatively low temperatures (=363 K), as equation (1.12) shows.
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Other lithium salts can be wused to replace LiPFs: such as
tris(pentafluoroethyl)trifluorophosphate (LIFAP), LiBF4 or LiAsFe. LIFAP could be a
good candidate as a lithium salt for electrolytes in LIBs, because compared to LiPFe
its chemical, electrochemical, and thermal stabilities are higher and it demonstrates
enhanced resistance towards hydrolysis due to the presence of stabilized phosphorus-
fluorine bonds. However its employment in commercial LIBs has not been reported
yet. LiBFs4 shows enhanced thermal stability and reduced sensitivity towards
moisture. However LiBFs possesses a lower ionic conductivity than LiPFe and
dissociates in carbonate-based solvents. LiAsFe could replace LiPFs due to its higher
ionic conductivity and superior cycling performance and higher thermal stability.
However the potential formation of highly toxic AsF3 excludes this ionic salt in

commercial LIBs.
Additives

As was mentioned earlier (section 1.2.1.1) additives can be used to improve
the safety of LIBs, for example by improving thermal stability and reducing the risk
of fire-induced reactions. These additives have to be less than 10% in weight or
volume; otherwise they have to be considered as cosolvents. For instance,
tris(pentafluorophenyl) borane (TPFPB)¢ or vinylene carbonate (VC)*’ can be used as

additives.
Flame-retardant additives

Flame retardant (FR) additives can be added to the organic carbonate
electrolyte solvents preventing either the combustion reaction via radical scavenging
(chemical interactions), or FRs such as silica form a thermally insulating barrier which
prevent the self-propagating fire forming (mechanical/physical mechanism) (Figure
1.2-2).4
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Figure 1.2-2 Schematic illustration of the combustion mechanism of conventional organic
carbonate based electrolytes and the effect of FR additives.*

The advantages and drawbacks of organic liquid electrolytes (OLEs) have
already been discussed in this section. The addition of flame-retardants can
improve their safety-performance, however there are still some issues related to
thermal stability, flammability, and leakage. This must be taken into consideration

if LIBs are to be incorporated in large - scale devices such as vehicles.

1.2.3 Safer electrolytes

New electrolyte systems have been suggested to potentially replace organic
liquids electrolytes (OLEs), and these possible electrolytes are shown in Table 1.2-1.
In total, seven different systems have been proposed in the literature: ionic liquids
(IL), solid - polymer electrolyte (SPE), gel - polymer electrolyte (GPE), solid state
electrolytes (SE), and combination between them (OLE-ILs, IL-SPEs, and OLE- IL-
SPEs).
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Table 1.2-1 Overview of the innovative and optimised electrolyte systems and their potential
physicochemical properties, as well as a brief evaluation of their overall safety.*

OLE-
Electrolyte OLE- IL—
} OLEs ILs SPEs GPEs IL— SEs
properties ILs SPEs
SPEs

lonic

+ o +* - + o* o* 0
conductivity
Interfacial

) + - + - O* 0* 0* -

properties
Electrochemical

- + O* + O* 0* 0* +
stability
Low-
temperature o] - o* - o] o* o* ?
performance
Thermal

- + +* + - o* o* +
stability
Overall safety - + o* + 0 o* o* +

+ = high / good; 0 = medium; - = poor; * = composition and condition dependent. IL = lonic
liquids, SPE = solid — polymer electrolyte, GPE = gel — polymer electrolyte, SE = Solid state
electrolyte.

1.2.3.1 lonic liquids

lonic liquids (ILs) have been suggested as an alternative to OLEs, as they have
negligible vapour pressure and very low (if not negligible) flammability which can
make them suitable for large - scale LIBs.%%-%0 ILs have large, bulky, and asymmetrical
cations and anions. The most common IL can be formed by a quaternary ammonium
cation (imidazolium, pyridinium, pyrrolidinium, etc.) and an organic or inorganic
anion (i.e. BF4, [(CF3502)2N], [(C2F5S02):N], etc.). ILs show low vapour pressure,
low flammability, a large liquid phase range (i.e. typically from 173 - 673 K, with no
evaporation or crystallisation), and a large electrochemical stability window (ESW,
up to 5 to 6 V for certain cation-anion combinations). However there are still some
concerns about these materials being incompatible with LIBs, due to ILs possessing
low ionic conductivity at ambient pressure and bad compatibility with graphite

anodes, compared to OELs. 3860
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1.2.3.2 Organic liquid —ionic liquid electrolytes

Different groups have suggested combinations of OLEs and ILs as possible
electrolytes.®'-%4 Incorporating OLEs lowers the viscosity of the mixture and therefore
improves the ionic conductivity. Additionally, stability with graphite electrodes can
be achieved because of the formation of a stable SEI. Moreover, ILs increase the
safety and stability due to negligible vapour pressure and very low (if not negligible)
flammability. For example, electrolyte mixtures of LiPFs-
[PP43][TFSI]/EC/DMC/EMC®3, LiPFe-[EMI][TFSI]/EC/DE/VC,®! LiTFSI-
[PYR14][TFSI]/PC,%* and LiPFe-[PP13][TFSI]/EC/DMC/EMC®? have been investigated and
provided superior safety (both thermal stability and flammability, considering the
current state of art) and did not suppress the ionic conductivity at room

temperature.t', 63

1.2.3.3 Solid - polymer electrolytes

Solid polymer electrolytes (SPEs) are attractive as they do not contain
flammable liquid organic solvents which also avoids the risk of cell leakage in cases
of mechanical abuse.% Moreover, these electrolytes can be incorporated in flexible
batteries. Generally, polymers need to show the following properties: (a)
electronically insulating; (b) high mechanical strength; (c) thermal, chemical, and
electrochemical stability; (d) compatibility with the electrodes and formation of low-

resistivity SEl; and (e) low cost.%

Two broad types of polymer electrolytes can be considered: (a) high-molecular
weight polymers which are called (dry) solid or solvent-free polymers known as Solid-
polymer electrolytes (SPEs), the polymer itself acts as an ionic conductor®’; and (b)
gel-polymer electrolyte (GPEs)®, ILs (IL-SPEs), or mixtures (OLE-IL-SPEs), where the

polymer does not have to act as an ionic conductor.

SPEs are composed of lithium salts dissolved in polymers. The low molecular
weight polymers are the most desirable materials because they show better ionic
conductivities, but there is a compromise between the molecular weight and the
conductivity, since the lighter the polymer is the more dendrites are formed in the
anode. High ionic conductivities can be reached up to 10¢ and 103 S cm™' at 298 and

328 K, respectively.%-72
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GPEs combine the advantages of a polymer matrix (i.e. mechanical stability,
flexibility, reduced leakage) with the high ionic conductivities of liquid organic
electrolytes.”3 The use of a liquid electrolyte inside a solid host (polymer) enhances
cohesive and diffusive properties, as well as contact between the electrode and the
electrolyte. Nevertheless, the final compound has to fulfil the same prerequisites

and requirements as SPEs and polymer electrolytes.

IL-SPEs show favourable electrochemical and safety properties, but the ionic
conductivities remain too low at room temperature and the compatibility with state
of the art cathodes is limited.”4 73

1.2.3.4 lonic liquid — Organic liquid — Solid polymer electrolytes

In order to obtain an optimized electrolyte some researchers have investigated
the combination of the three different electrolytes mentioned in this section: known
as OLE-IL-SPEs. Combining a lithium-ion conducting polymer, IL(s), organic
carbonates, and a lithium salt promises an optimized electrolyte system, potentially
providing further improved ionic conductivity, enhanced thermal stability (compared
with GPEs), and a stabilised electrode/electrolyte interface, particularly with
respect to graphite anodes. However, the use of volatile and flammable organic

solvents do not make these compounds safe and thermally stable.”®

1.2.3.5 Solid state electrolytes

A potential solid state electrolyte (SE) material must meet several
requirements. It must have high ionic conductivity (more than 0.1 mS cm™! over the
operating temperature range*, preferentially 1 mS cm-')’” and a negligible electronic
conductivity. It must have good chemical stability with the electrodes over the
working temperature range of the battery, and good electrochemical stability within
the operating potentials of the cell. It should furthermore retain good contact at the
interfaces with the electrodes. ldeally it should also have low toxicity, be non-
flammable and be inexpensive. Designing suitable solid electrolyte materials for

lithium batteries that meet these requirements is a great challenge.*

One of the best approaches proposed for a safer LIB would be the incorporation

of SEs. These electrolytes have attracted great attention because they can avoid the
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use of organic solvents and polymers, which represent the main cause of flammability

issues.”® 79 Some of the most common SEs are shown in Figure 1.2-3.

800 500 200 100 27 -30 -100

| LISICON
Li,,Zn(GeO,),

Glass electrolyte
Li,5-SiS,-Li;PO,

ogla(5cm™]

Figure 1.2-3 lonic conductivity (represented as log) as a function of reciprocal temperature for
lithium solid electrolytes, organic liquid electrolytes, polymer electrolytes, ionic liquids and gel
electrolytes.”®-%0

1.2.4 Solid state electrolytes
This section will summarize the most important solid state electrolytes discovered so
far. Three different inorganic solid state lithium ion conductors (LICs) can be

distinguished: crystalline, composite, and amorphous LICs.

1.2.4.1 Crystalline inorganic Li ion conductors

Firstly, seven different materials families can be considered as examples of
crystalline LICs: NASICON-type, LISICON-type, A-site deficient perovskite solid
solutions, Thio-LISICON-type, garnet-type, complex hydrides (CHs) and ternary

halides.?!
NASICON-type

The first examples of compounds with a structure of the NASICON-type were
reported in 1968 and consisted of the phosphates NaAL (P0,); (where AV was Ge, Ti
and Zr).9 After the discovery of this structure, the analogous lithium compounds
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were subsequently studied. The A cation site can be shared by different cations,
depending on the ionic radii (LiA"Y A"V (P0,)3). The NASICON structure is formed by
AO¢ octahedra linked by PO4 tetrahedra to define 3D interconnected channels and
two types of interstitial positions (M’ and M”) where Li* are distributed. The Li*
cations move from one site to another through “bottlenecks” the size of these is
dependent on the nature of the skeleton ions and on the Li occupancy in both types
lithium site (M’ and M”).%3 %4

The higher ionic conductor compounds of the NASICON-type family exist with
A = Ti** with general formula Li1.xTi2-xAx(PO4)3 (A = Al, Ga, In, Sc).% In particular, the
best performance was obtained with A3* in Li1.3Alo.3Ti1.7(PO4)3 (LATP) (Figure 1.2-4)%.
AL is the smallest cation that can substitute for Ti in these compounds (of Ga, In,
and Sc), which reduces the cell parameters and enhances the conductivity by 3 orders
of magnitude compared with the other substituent cations (3 x 103 S cm™ at 298 K,
Figure 1.2-6 (u)).? Although Li1.3Alo.3Ti1.7(PO4)3 shows high ionic conductivity, it is

unstable with Li metal due to the facile reduction of Ti* to Ti3*.%”

Figure 1.2-4 Crystal structure of LiisAlosTi17(PO4)s. Lithium, oxigen and phosphor are
represented as red, light blue and light purple spheres. The octahedra formed by (Al/Ti)Os is
represented in light grey. The tetrahedra for PO4 is represented in light purple.

57



LISICON

The first LISICON-type material, Li14ZnGe401¢, was reported in 1978, although
the ionic conductivity at room temperature is relatively low (~107 S cm™) it has an
jonic conductivity of 0.125 S cm™" at 573 K (Figure 1.2-5).%4 %8-10 | the following years
different LISICON phases were synthesised with other compositions (e.g. Liz«2xZni-
xGe04 or LisGeO4 - Zn2GeO4 solid solution). LISICON can be doped by a range of
elements, however the conductivity is not massively improved (e.g. Y-
Li14.4V1.6Ge2.4016, 10©S cm™' at room temperature). Furthermore, LISICON is highly

reactive with lithium metal and the conductivity decreases with time.%’

Figure 1.2-5 Crystal structure of Li1aZnGesOs. Lithium, oxigen and titanium are represented as
red, light blue and green spheres. The tetrahedra formed by GeOy is represented in light grey.
The tetrahedra for (Li/Zn)O4 is represented in orange.
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Figure 1.2-6 Total ionic conductivities of Li* solid state electrolytes with temperature a) LiBH4,%!
b) Li(BH4)0.75Clo25,'%? ¢) Li(BHa)o7slo25,'%% d) Lia(BH4)(NH2)3,2%% €) Lix(BH4)(NH2),2%3 f) LiAlH4,04
g) Li3A|H6,lO4 h) Li(NH2)0_67|o,33,105 I) LiNHz,106 j) LizMg(NH)2,1°6 k) LizCa(NH)2,1°6 |) LizNH,lOG' 107
m) LiioGeP2S12,° n) Li7PsSi1 (glass-ceramics),® 0) Li,S-SiS,-LisPOs (glass),t08 109
p) Li3_256e0_25P0_7584 (thiO-L|S|CON),81 Q) Li-B-aIumina,lOO' 110 r) Li14Zn(GeO4)4 (L|S|CON),lll
S) Lio,34Lao,51Ti02_g4,80' 112 t) Li7La32r2012,113' 114 and LI) Li1,3A|o,3Ti1,7(PO4)3 (LATF’).96

A-site deficient perovskite solid solutions

The first perovskite (ABOs3)-type lithium lanthanum titanate ionic conductor
(LLTO), LisxLa/3)-xa(1/3)-2xTi03 (0 < x < 0.16) was discovered in 1987.80, 115-117 [ | TO
consists of a mixture of phases, i.e., a high-temperature phase with cubic Pm3m
symmetry (a-LLTO) and a lower temperature B-LLTO phase having tetragonal
P4/mmm symmetry. The tetragonal LLTO phase can show high ionic conductivities at
room temperature because of the large concentration of A-site vacancies, allowing
the motion of the Li* by a vacancy mechanism and through square planar bottleneck
between A sites formed by four 0% ions between two neighbouring A sites. 8120 The
ionic conductivity of this material is proportional to the amount of lithium

incorporated into the structure.'? Single crystals show a high ionic conductivity up
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to 103 S cm™ (Ea = 0.3-0.4 eV) at room temperature for x = 0.11. However high
temperature are required for sintering the mixtures and high Li,0 losses are observed
leading to difficulty in controlling Li ion content and ion conductivity. The ionic
conductivity of ceramics is much lower that of the single crystals due to the blocking
grain boundaries. However LLTO is unstable against Li metal anode. Lithium can be
intercalated into LLTO at a potential below about 1.7-1.8V vs. Li which causes the

reduction of Ti** to Ti3* and induces high electronic conductivity. "°
Thio-LISICON-type

Thio-LISICON compounds were reported for the first time in 2000.'2"> 122 Thio-
LISICON has the same framework as LISICON but the oxygen site is occupied by the
more polarisable sulphide anion, which improves the ionic conductivity due to the
decreased interaction between skeleton and Li* ions. Additionally, the radius of S is
larger than that of 0% which therefore enlarges the size of the bottlenecks in the
structure compared to regular LISICON compounds.®* For the thio-LISICON,
Lis-2xZnxGeSs4, the conductivity remains low at room temperature (3 x 107 S cm™).1?
Addition of a trivalent or pentavalent cation however can improve the conductivity
by ca. 3 orders of magnitude; compounds such as Lis-x(Ge,Si)1-yMyS4. The partial
substitution of Ge**/Si** for M3*/M>* may introduce lithium vacancy, and increase the
conductivity. 23 Li3 5Geo.25P0.7554 reached ionic conductivities of 2.2 x 103 S cm™ at
room temperature (Figure 1.2-3 and Figure 1.2-6 (p)).%' In 2011, a new compound
was discovered from this family, Li1oGeP2S12 (LGPS), which showed the best ionic
conductivity at room temperature compared to any other type of electrolyte, ~102
S cm™'. The activation energy for Li* transport was only 0.24 eV (Figure 1.2-3 and
Figure 1.2-6 (m)).”® "4 The crystal structure of Li1oGeP,S+2 is different compared to
other Thio-LISICONSs, in that it contains three different tetrahedral sites ((Geo.5Po.5)S4,
PS4, and LiS4) and one octahedral type (LiSe).%* In 2013, the synthesis of Li1oSnP2S12
was reported in which Ge was replaced by Sn. Conductivity measurements showed
high ionic conductivities, 0.4 S cm™' at room temperature.'?> However Li1oGeP,S12 and

Li1oSnP2S12 employment in commercial LIBs has not been reported yet.
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Garnet-type

Another family of electrolytes known as garnets which have the general
formula LisLazM2012 (M=Ta, Nb) was discovered in 1988. La and M occupy eight- and
six-coordinated sites, respectively, while Li* occupies a mixture of octahedra and
tetrahedra.?® The MO¢ octahedra are surrounded by six lithium ions and two Li*
vacancies. Therefore, the structure facilitates lithium ion conduction.'?” La3* cations
can be substituted by other cations such as BaZ*,'28 Sr2* and K*.'2° BaZ* substitution in
garnets leads to ionic conductivities of about 4 x 10> S cm™* at 295 K.'28 The transition
metals can be substituted by In*3 giving ionic conductivities of 1.8 x 10 S cm™ at
323 K for LissLasNbi1.75In0.25012.'2° Different substituted garnets with different
formulae (LisALa2M2012, A = Ca, Sr, Ba) or lanthanide cations (LisLn3Sb2012, Ln = La,
Pr, Nd, Sm, Eu) were reported, however these compounds showed high activation
energies at low temperatures indicative of defect trapping.’3° In 2007, a new garnet-
type, LisLasZr,012 (LLZO) was reported (Figure 1.2-7).""3 LLZO undergoes a phase
transition from a cubic to a tetragonal structure at 997 K, space group la3d and
141/ acd respectively and yielding ionic conductivities at room temperature of 10 and
107 S cm', respectively.'3'" By heating at 973 K and at 1073 K LLZO it is possible to
stabilise the cubic and the tetragonal garnet at room temperature, respectively. '3
In 2012, High ionic conductivities were reported such as 8.7 x 104 S cm™ at room

temperature in Li.7sLa3Zr1.75Tao.25012. 1%

(a) (b)

Figure 1.2-7 Crystal structure of (a) cubic (la-3d) and (b) tetragonal (I141/acd) LizLasZr012. Lithium,
oxigen and lanthanum are represented as red, light blue and purple spheres. The ZrOg is
represented in light grey.

61



Complex hydrides (CHs)

Complex hydrides (CHs) show different properties from other SEs. For
instance, the densities of CHs are much lower than oxides and sulphides which in
general would make lighter LIBs."33 CHs can demonstrate high thermal stabilities due
to the strong covalency between hydrogen with metals and non-metals in complex
anions. The decomposition of these CHs is thus less likely at room temperature. 34

LT - LiBH4 (low temperature) was first investigated as a solid state electrolyte
in 2007.7%" This hydride undergoes a phase transition at 383 K to a hexagonal (high
temperature, HT) phase with a lithium ionic conductivity of 2 x 103 S cm™' (Figure
1.2-6 (a)).'9" Initial investigations were focused on the stabilisation of the HT phase
of LiBH4.'3 136 The stabilisation of the HT phase at room temperature was
demonstrated by halide substitution forming Li(BH4)1xX’x (X’ = Cl, Br and [)'0% 137
(Figure 1.2-6, (b) and (c)). lonic conductivities of 2 x 10 S cm™! were obtained at 300
K in a composition of Li(BH4)o.75l0.25 (Figure 1.2-6 (c)). LiBH4 and Lil were combined
with LiNH2 in 2009 forming three new electrolytes, Liz(BH4)(NHz), Lis(BH4)(NHz)3,103
and Liz(NH2)21'%. These materials showed ionic conductivities above 104 S cm™ at
room temperature (Figure 1.2-6 (d) and (e)). By analogy to the borohydride, in 2010,
attention was focused to LiAlH4 and Li3AlHe as a possible solid state electrolyte. 04 138
However, LiAlH4 and LizAlHe exhibit ionic conductivities from 2 x 10° to 5 x 10 S cm-
Tand 107 to 2 x 10° S cm", respectively, from room temperature to 393K (Figure
1.2-6 (f) and (g)).

In 2012, lithium rare earth (RE) mixed borohydride-halides were reported
showing high ionic conductivities at 293 K (1 x 104, 2 x 104, and 1 x 104 S cm™ for RE
=Ce'? La, and Gd', respectively). However synthesis results in byproducts such as
RECL3 and LiCl. It was suggested that high ionic conductivities were observed in these
materials because they may possess disordered Li-sites creating continuous
conducting paths for Li* in the framework similar to those in Li1oGeP,S12”° and
Naz(BH4)(NHz)'41,

Metal dodecaborates (M2/nB12H12, where n is the valence of the metal M), have
been considered previously for hydrogen storage.'? 4 In 2014, these compounds

were suggested as electrolytes for all solid state batteries because of the high
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stability of the icosahedral [B1zH12]* anion at high temperatures.'# Li;B12H12 is also
one of the products formed from the dehydrogenation of LiBH4 but can be synthesised
and stabilised at room temperature by mixing LiBH4and B1oH14, Figure 1.2-8."* This
lithium dodecaborate shows a total ionic conductivity of 104 S cm™ at room
temperature and experiences a phase transition at 615 K. "4 147 |n 2015, He et al.'4
suggested that the formation of a bimetallic dodecaborate could improve the ionic
conductivity. Their hypothesis was that the coexistence of bimetallic cations could
have a synergic effect on the mobility of each ion. Indeed, they managed to
synthesise the bimetallic dodecaborate LiNaBi;H12 by sintering LiBH4, NaBH4 and
B1oH14 in @ molar ratio of 1:1:1. LiNaB1,H1, reached ionic conductivities of 10> S cm’’
and 0.79 S cm™ at 550 K, respectively, after a phase transition at 488 K (Figure
1.2-11).146, 147

C)

Figure 1.2-8 (a) Structure of LiB12H12. (b) Relative geometry of the Bi;,H;2* anion with boron and
hydrogen atoms denoted by blue and grey spheres, respectively. Li.B12H12 crystallises with a
cubic structure (space group (Pa3) with lattice parameters a = 9.5771(2) A.14

In 2015, another CH crystal structure, lithium decaborate (Li;B1oH10), was
reported although no conductivity measurements were published (Figure 1.2-9)."8 Its
sodium analogue, Na;B1oH10, however displayed one of the highest ionic conductivity
values for SEs, 0.01 S cm~"at 383 K (Figure 1.2-11).4
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(@)

Figure 1.2-9 (a) Structure of Li2B1oH10. (b) Relative geometry of the BioH10> anion with boron and
hydrogen atoms denoted by blue and grey spheres, respectively. Li-BigHio crystallises with a
hexagonal structure (space group P6422) with lattice parameters a = 7.042(1) and ¢ = 14.931(2)
A_148

The latest compound reported from these new-generation electrolyte
materials was LiCB11H1; (Figure 1.2-10),"° which shows a total ionic conductivity of
10¢ S cm™! at room temperature and undergoes a phase transition at 400 K reaching

conductivities of 0.1 S cm™! (Figure 1.2-11).

Figure 1.2-10 Relative geometry of the CB11H12" anion with boron, carbon, and hydrogen atoms
denoted by blue, brown, and grey spheres, respectively. LiCB11Hi2 crystallises in a orthorhombic
structure (space group (Pca2:) with lattice parameters a = 9.6668(5), b = 9.4892(5) and ¢ =
9.7273(5) A.15°
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Figure 1.2-11 (a) lonic conductivity measurements for LiNaB12H12, Naz:B12H12, and LizB12Hi2 and
(b) for LiCB11H12 (blue)**® and NaCB1:H12 (red)*™® as a function of temperature (circles and squares
denote the conductivities of the respective 15t and 2" temperature cycles and closed and open
symbols denote respective heating and cooling processes). The ionic conductivities are
compared to other related materials: NazBi2Hi2,** NazBioH10,2° NaBH4NH,*4t NaBH.*' and
LiBH402,

Lithium ternary halides

Lithium ternary hydrides and halides are considered as promising candidates
in Li ion batteries due to their high ionic conductivity, thermal stability and non-
flammable properties. Lithium hydrides from group XIII are not thermally stable apart
from LiBH4 and LiAlH4 (monoclinic structure, space group P121/c¢1) which decompose
at 541 and 373 K, respectively. For instance, LiGaHs (monoclinic structure, space
group P121/c¢1) and LilnHs decompose at 323 K and 273 K, making these materials

unsuitable for lithium ion batteries. 1!

Table 1.2-2 shows some of the halocomplex lithium salts and their
conductivities reported to date. Different aluminates and halogenidogallates have
been discovered that show low ionic conductivity such as LiAlX4 (X = Cl, Br)'32-134 or
LiGaBr4."™> Also indium halo complexes have been reported such as LizInCle and
LizInBre which undergoes a phase transition at 314 K to become a superionic conductor

and Lilnl,, 156-158
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Of all the halo complex lithium salts (MM"X4, where (M' = Li, M"" = AL, Ga and
In, X = Cl, Br and 1), LilnBr4 is perhaps the most interesting material."’ LilnBry is the
only halo complex reported so far which shows a phase transition (similar to LiBH4).
The only report available in the literature on the formation of LilnBr4 and its ionic
conductivity performance was published by Yamada et al. in 2006." The compound

displays a conductivity of 103S cm™ at 313 K.
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Table 1.2-2 Structure of (X = Al, Ga and In) lithium halo complex salts and their conductivities,

respectively.

M*M3* X4 Structure 0 (297K)/Scm?! EaleV Reference
P2i/c (Monoclinic, #14)
LIAICLs a=7.007(3), b = 6.504(4) and 1x10° 0.47 152,153
c =12.995(10) A, B =93.32(5)
LiAlIBr4 - - 0.44 154
LiAll4 *
P2i/c (Monoclinic, #14) 1.13 x 102
LiGaCls a=12.988(13) b = 6.467(5) (LiGaCla— 159, 160
and ¢ = 7.015(5) A, _
B = 93.36(7) SOCI2 mixture)
P2i/a (Monoclinic, #14)
LiGaBrs a=13.696, b = 6.854(7) and 7x10° 0.54 155
c=7.416(7) A, B = 93.14(8)
P2i/a (Monoclinic, #14)
LiGala a= 14863(5), b= 7415(1) . o 159
and ¢ = 8.081(3) A,
B =92.91(2)
LiInCI4 --- _— —— *
Fd3m (Cubic, #227)
5x 107 0.31(2) 157
, a=10.974 A
LT - LilnBra
None phase transition reported 5x 10° 0.79 161
LT - HT Trigonal*
LilnBr, 5 x 1072 0.23(1) 157, 162
(transition) a=7625A
R-3m (Rhombohedral, #166)
HT - LilnBr,4 a=6.725(1) A - - 157,162
(post 316 K) a=33.65(1) °
None phase transition reported 3 x 10 (417 K) 0.79 161
P212121 (Orthorhombic, #19)
NalnBrs a=11.081(1), b = 10.507(1) 2x10° 0.68 o3
andc =6.761(1) A
Pnna (Orthorhombic, #52)
KinBra a=7.891(12), b = 10.390(5) 164
and ¢ = 10.390(5) A
P121/c1 (Monoclinic, #14)
Lilnla 5x 10° - 165, 166

a=18.398(4), b = 7.512(3) and
c=15.267(8) A, B = 92.67(4)

At 297 K unless otherwise indicated. * Salts without reported crystal structures or space group.
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1.2.4.2 Composite inorganic Li ion conductors

Composite electrolytes are formed by an insulator (e.g. alumina) and a solid
state electrolyte (e.g. Lil) which shows low ionic conductivity (ca. 10° to
1019 S cm'). However when a composite is formed between these two materials, the
ionic conductivity is enhanced.'®” However the mechanism(s) responsible for this
enhancement in the ionic conductivity is still a matter of some debate. A composite
containing a significant volume fraction of well dispersed submicron particles will
obviously have an extremely large matrix-particle interface area. It has now become
widely accepted that the overall effect of forming the composite is to create highly
conductive paths along the interfaces between the electrolyte matrix and the
dispersed particles. The criterion for identifying a composite as having enhanced
ionic conduction is when the conductivity of the composite exceeds the single phase

bulk conductivities reported for each of the individual phases found in the composite.

1.2.4.3 Amorphous inorganic Li ion conductors

Glass electrolytes

Glasses can often be considered as electrolytes as they normally show higher
ionic conductivity than crystals due to their disordered “open structure”. These
materials can show interesting properties such as non-flammability, no grain
boundaries, and a wide selection of compositions. Lithium phosphorous oxinitride
(LIPON) also forms part of the oxide glass family. Most of the important inorganic Li*
conducting glasses come from one of two categories: oxides and sulfides. Oxides are
commonly of Li*-defective y-LisPOs solid solutions, with a typical member
composition of Liz.gsP03.73No.14, which has an ion conductivity of 3.3 x 107¢S cm™ at
room temperature and an activation energy of 0.54 eV.'®® Among the most notable
of sulfide glassy materials are LISON'® (Lio.2950.2800.35No.09) With ionic conductivities
of 2 x 10° S cm™ at room temperature and LIPOS'70 (6Lil-4Li3P0O4-P2Ss) with a similar
ionic conductivity although unstable in bulk form. These glassy compounds are highly

stable in battery operation with minimal evidence of interfacial reactivity.

68



Sulfide based glassy electrolytes have attracted great interest. As they
typically show higher ionic conductivity than oxide glasses. However these glasses
are highly hygroscopic which can be an issue for LIBs, generating flammable poisonous
and environmentally hazard H,;S gas. Therefore handling of sulfide glasses needs to
be done in an inert atmosphere. Partial substitution of oxygen with sulfur can be
effective in suppressing H,S generation, however this can result in a decrease in the
conductivity.'”" 172 Adding lithium salts can enhance the ionic conductivity (Li2S-SiS;-
P,Ss-Lil)'73 because of the increase in migrating ions in the glass. However this

strategy tends to facilitate the crystallisation of the glass.
Glass-Ceramic electrolytes

Glass-ceramic electrolytes are produced by the crystallisation of a precursor
glass. The precipitation of a superionic conductor crystal from a precursor glass can
enhance ionic conductivity. The grain boundaries of the crystal domains are
surrounded by an amorphous phase. Therefore, glass-ceramic electrolyte have lower

grain boundary resistances than polycrystalline systems.'74

For oxides, the most studied system is the NASICON-type such as Li;O-Al;03-
TiO2-P205 (LATP)'73177 and Li;0-Al203-Ge0,-P205 (LAGP)'78180 showing high ionic
conductivities at room temperature, 103 ~ 10# S cm™'. However, sulfide glass-
ceramic electrolytes show higher ionic conductivities because of the greater ionic
radius and higher polarizability of sulfur ions than oxide. For example Li2S-P2Ss glass-
ceramics show conductivities values of 103 S cm™' at room temperature. '8! Recently,
a new synthetic route was reported for Li2S-PSs glass-ceramic conductors. This new
route gave rise to a very high ionic conductivity, 1.7 x 102 S cm™ at room
temperature, by optimising the heat treatment. Using this method the grain boundary

resistance was reduced and the ionic conductivity was increased. '8?

1.2.5 Crystal defects, non-stoichiometry and solid solutions

A perfect crystal can be obtained hypothetically only at absolute zero and at
infinite size; all real crystals are imperfect. Atoms can be misplaced in a real crystal.
Crystals are invariably defective because the presence of defects up to a certain
concentration leads to a reduction of free energy (Figure 1.2-12). A certain amount

of energy is required, AH, when i.e. a vacant cation site is created. A single defect
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causes a considerable increase in entropy, AS, because of the large number of
positions which this defect can occupy. The entropy created by having this choice of

positions is called configurational entropy and is given by the Boltzmann formula:

S = kinW (1.13)
where the probability, W, is proportional to 10%3; other, smaller, entropy changes are
also present due to the disturbance of the crystal structure in the neighbourhood of
the defect. Therefore the creation of a single defect is possible because the enthalpy
required to form initially is more than offset by the gain in the entropy of the crystal.

Consequently the free energy is given by the following formula:

AG = AH — TAS (1.14)

However, when the amount of defects is large, the enthalpy required to form

high defects is less than offset by the gain in the entropy of the crystal and hence
such a high defect concentration would not be stable. In between these two extremes
lie most real materials. Therefore, the defects created in crystal will be the ones
with the smallest AH and for which the AG minimum is associated with the highest

defect concentration.

" Enthalpy, AH

V Free energy, AG
\

\
\
\

\
N Entropy, -TAS
Defect concentration

Energy

Figure 1.2-12 Energy changes on introducting defects into a perfect crystal at a finite
temperature. (Figure adapted from West).183

Defects can be divided in two subgroups: stoichiometric defects in which the
crystal composition is unchanged on introducing the defects, and non-stoichiometric
defects which are a consequence of a change in crystal compositions. Alternatively,

the size and shape are also used to classify the defects: point defects which involve
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only one atom or site, e.g. vacancies or interstitials; line defects, i.e. dislocations;

plane defects, where a whole plane is missing.

The most common point defects are Schottky and Frenkel. The Schottky defect
is a stoichiometric defect in ionic crystals and is defined as a pair of vacant sites, an
anion vacancy and a cation vacancy. There are the proportional number of cations
and anions, depending on the stoichiometry (eg. in CaClz, Cl" would have double of
vacant sites than Ca?*), to preserve local electroneutrality in the whole crystal and
in order to dissociate the pairs, energy equivalent to the enthalpy of association must

be provided.

The Frenkel defect is also a stoichiometric defect and involves an atom

displaced off its lattice site into an interstitial site that is normally empty.

This defects are known as stoichiometric defects which are present in pure
crystals and do not involve any change in overall composition. However non-
stoichiometric systems can be prepared i.e. by doping crystals with aliovalent

impurities.

In certain materials it can be found that a large number of atoms are
interchanged, and especially if it increases with temperature, this gives rise to the
formation of order-disorder phenomena. When sufficient pairs have swapped places
and they no longer show any preference for particular sites the structure is then
disordered. This phenomena occurs in certain ionic structures that contain two or
more types of cations or anions. Such structures are therefore examples of
substitutional solid solutions (chapter 3, section 3.3.5). For a given system, it is not
possible to predict to what extend the solid solution will be formed. Instead, this has
to be determined experimentally. Substitution by higher valence cations can give rise
to the formation of cation vacancies or interstitial anions. Whereas substitution by
lower valence cations gives rise to the formation of anion vacancies or interstitial
cations. Double substitution can also be performed when two cations from the same

structure are simultaneously substituted.

The study of solid solutions can be performed using X-ray powder diffraction,

thermal stability and DTA. Using powder diffraction, information about the
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composition of the solid solution can be obtained (the unit cell could undergo a small
contraction or expansion as the composition varies across a solid solution). The
materials can also show changes in structure on heating which can be studied by
DTA.8

1.2.6 Requirements for high ionic conductivity

In order to form an ionic conductor certain structural conditions must be
satisfied. A large number of the ions of one species should be mobile. A large number
of empty sites should be available for the mobile ions to jump into. The empty and
occupied sites should have similar potential energies with low activation energy
barrier for jumping between neighbouring sites. The structure should have open
channels through which mobile ions can migrate. The anion framework should be

highly polarizable. '8

Migration of ions does not occur in most ionic and covalent solids. Rather, the
atoms tend to be essentially fixed on their lattice sites and can move only via crystal
defects. Therefore defect concentrations have to be created so the mobile ions can
migrate through vacancies or interstitial sites, typically created by heating the crystal

or by addition of aliovalent impurities. 83

1.3 Scope of this work

The core of this research is the study of LiBH4 and LilnBrs and related
compounds, with the aim to explain the good ionic conductivities of their low and
high temperature phases and to improve their performance, such that the materials
might be considered as future components in all solid state lithium ion batteries.
These materials were to be synthesised using conventional or energy-efficient

synthetic methods, such as thermal treatment or ball milling, respectively.

Firstly, the results of the stabilisation of the fast ionic, high temperature (HT)
phase of LiBH4by Br substitution are shown. The effect of different synthesis methods
in lithium borohydride bromide compounds, Li(BH4):1-xBrx, were studied and
conductivity performances were compared. Structural characterisation of the HT
phase of LiBH4 was conducted using diffraction and spectroscopy techniques. In
section 3.3.8 experimental results are presented which show the complex rotational

motion of the (BH4) anions.
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Secondly, the stabilisation of the high pressure phase of LiBH4 (HP - LiBH4) with
Na* at ambient conditions will be described for the first time. Three different
methods will be proposed to stabilise the HP phase: Method 1 (LiBH4 - NaBH4),
Method 2 (LiBH4 - NaBr) and Method 3 (LiBH4 - LiX - NaBH4, where X = Br- and I-).
The synthesis, structure, and phase diagram that emerges from Method 3 will be
discussed in detail. Conductivity measurements are shown of two more examples of

mixed alkali metal mixed-anion borohydrides, Li(1-y)Nay(BH4)1-xxy)X’x1-y) (X’ =17, Br’).

Thirdly, the synthesis of lithium ammonia borane complex electrolytes will be
proposed for the first time. Ammonia borane could be considered as part of a
potential electrolyte structure because of its low molecular weight (30.7 g mol™'),
good thermal stability and satisfactory air-stability. Ammonia borane is able to form
different compounds with lithium-containing materials. So far, different lithium
ammonia borane complexes have been identified with layered structures which could
be candidates to display 1D, 2D or 3D lithium ion conductivity. Here in this work, we
propose reported lithium ammonia borane complexes originally prepared for
hydrogen storage as electrolytes for all solid state lithium ion batteries. Also we
report two novel lithium iodide ammonia borane complexes which show high ionic
conductivity. High quality powder X-ray diffraction data is reported for both new

materials and their thermal stability.

Finally, LilnBrs is suggested as a candidate for lithium ion batteries. In
principle, this material has similarities with LiBH4. It has been reported in the
literature that its RT phase shows high ionic conductivity and that it undergoes a
phase transition to a HT phase in a similar manner to LiBH4. As for LiBH4, we
investigate its high ionic conductivity. This experiment was performed using neutron
powder diffraction and “Li NMR measurements. Here we report the RT phase structure
which was wrongly assigned in past reports. Our data suggest that a formal phase
transition in this material does not occur and instead, the redistribution of Li* ions at

elevated temperatures leads to two different routes for lithium ion motion in LilnBra.

73



1.4 References

1.

® NV kAW

10.

11.
12.

13.
14.

15.
16.
17.
18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

O. Edenhofer, R. P. Madruga, Y. Sokona, K. Seyboth, P. Matschoss, S. Kadner, T. Zwickel, P.
Eickemeier, G. Hansen, S. Schlomer and C. V. Stechow, 2012, ISBN 978-1-107-60710-1,
Renewable energy sources and climate change mitigation: special report of the
Intergovernmental Panel on Climate Change, Cambridge University Press, 1-1076.

C. B. Field, V. Barros, T. F. Stocker, Q. Dahe, D. J. Dokken, K. L. Ebi, M. D. Mastrandrea, K. J.
Mach, G. K. Plattner, S. K. Allen, M. Tignor and P. M. Midgley, 2012, ISBN 978-1-107-60780-4,
Managing the risks of extreme events and disasters to advance climate change adaptation.
Special report of the Intergovernmental Panel on Climate Change, Cambridge University Press,
1-592.

M. M. Thackeray, C. Wolverton and E. D. Isaacs, Energy Environ. Sci., 2012, 5, 7854-7863.

J. B. Goodenough and Y. Kim, Chem. Mat., 2010, 22, 587-603.

B. Diouf and R. Pode, Renew. Energy, 2015, 76, 375-380.

B. Dunn, H. Kamath and J. M. Tarascon, Science, 2011, 334, 928-935.

P. D.Yang and J. M. Tarascon, Nat. Mater., 2012, 11, 560-563.

R. A. Marsh, S. Vukson, S. Surampudi, B. V. Ratnakumar, M. C. Smart, M. Manzo and P. J. Dalton,
J. Power Sources, 2001, 97-8, 25-27.

https://www.db.com, accessed on 3rd September 2015.

R. Marom, S. F. Amalraj, N. Leifer, D. Jacob and D. Aurbach, J. Mater. Chem., 2011, 21, 9938-
9954,

J. B. Goodenough and K. S. Park, J. Am. Chem. Soc., 2013, 135, 1167-1176.

K. Zaghib, A. Mauger, H. Groult, J. B. Goodenough and C. M. Julien, Materials, 2013, 6, 1028-
1049.

J.-M. Tarascon and M. Armand, Nature, 2001, 414, 359-367.

E. Ferg, R. J. Gummow, A. Dekock and M. M. Thackeray, J. Electrochem. Soc., 1994, 141, L147-
L150.

T. Ohzuku, A. Ueda and N. Yamamoto, J. Electrochem. Soc., 1995, 142, 1431-1435.

M. M. Thackeray, J. Electrochem. Soc., 1995, 142, 2558-2563.

S. Megahed and W. Ebner, J. Power Sources, 1995, 54, 155-162.

R. Castaing, Y. Reynier, N. Dupre, D. Schleich, S. J. S. Larbi, D. Guyomard and P. Moreau, J. Power
Sources, 2014, 267, 744-752.

T. Nagaura and K. Tozawa, Prog. Batter. Sol. Cells, 1990, 9, 209-211.

H. J. Bang, H. Joachin, H. Yang, K. Amine and J. Prakash, J. Electrochem. Soc., 2006, 153, A731-
A737.

K. Zaghib, J. Dube, A. Dallaire, K. Galoustov, A. Guerfi, M. Ramanathan, A. Benmayza, J. Prakash,
A. Mauger and C. M. Julien, J. Power Sources, 2012, 219, 36-44.

T. Ohzuku and Y. Makimura, Chem. Lett., 2001, 30, 642-643.

N. Yabuuchi and T. Ohzuku, J. Power Sources, 2003, 119, 171-174.

A. Mauger, F. Gendron and C. M. Julien, J. Alloy. Compd., 2012, 520, 42-51.

A. K. Padhi, K. S. Nanjundaswamy and J. B. Goodenough, J. Electrochem. Soc., 1997, 144, 1188-
1194,

N. Ravet, Y. Chouinard, J. F. Magnan, S. Besner, M. Gauthier and M. Armand, J. Power Sources,
2001, 97-8, 503-507.

K. Rissouli, K. Benkhouja, J. R. Ramos-Barrado and C. Julien, Mater. Sci. Eng. B-Solid State Mater.
Adv. Technol., 2003, 98, 185-189.

N. Ravet, M. Gauthier, K. Zaghib, J. B. Goodenough, A. Mauger, F. Gendron and C. M. Julien,
Chem. Mat., 2007, 19, 2595-2602.

M. L. Trudeau, D. Laul, R. Veillette, A. M. Serventi, A. Mauger, C. M. Julien and K. Zaghib, J.
Power Sources, 2011, 196, 7383-7394.

J.Yu, J. Hu and J. Li, Appl. Surf. Sci., 2012, 263, 277-283.

74



31.
32.

33.
34.

35.

36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.

50.
51.
52.
53.
54.
55.
56.
57.

58.
59.

60.

61.

62.
63.

64.

65.
66.
67.
68.

K. Amine, H. Tukamoto, H. Yasuda and Y. Fujita, J. Power Sources, 1997, 68, 604-608.
Q. M. Zhong, A. Bonakdarpour, M. J. Zhang, Y. Gao and J. R. Dahn, J. Electrochem. Soc., 1997,
144, 205-213.
J. Liu and A. Manthiram, Chem. Mat., 2009, 21, 1695-1707.
K. Zaghib, P. Charest, M. Dontigny, A. Guerfi, M. Lagace, A. Mauger, M. Kopec and C. M. Julien,
J. Power Sources, 2010, 195, 8280-8288.
H. Duncan, D. Duguay, Y. Abu-Lebdeh and I. J. Davidson, J. Electrochem. Soc., 2011, 158, A537-
A545.
J. Liu and A. Manthiram, Chem. Mat., 2009, 21, 1695-1707.
J. Liu and A. Manthiram, J. Electrochem. Soc., 2009, 156, A833-A838.
E. Peled, J. Electrochem. Soc., 1979, 126, 2047-2051.
K. Xu, Chem. Rev., 2004, 104, 4303-4417.
Y. Nishi, Chem. Rec., 2001, 1, 406-413.
Y. Nishi, J. Power Sources, 2001, 100, 101-106.
M. Winter, J. O. Besenhard, M. E. Spahr and P. Novak, Adv. Mater., 1998, 10, 725-763.
V. A. Agubra and J. W. Fergus, J. Power Sources, 2014, 268, 153-162.
J. Kalhoff, G. G. Eshetu, D. Bresser and S. Passerini, ChemSusChem, 2015, 8, 2154-2175.
J. Arai, J. Electrochem. Soc., 2003, 150, A219-A228.
J. W. Jiang and J. R. Dahn, Electrochim. Acta, 2004, 49, 4599-4604.
M. Ue and S. Mori, J. Electrochem. Soc., 1995, 142, 2577-2581.
J. M. Tarascon and D. Guyomard, Solid State lonics., 1994, 69, 293-305.
X. Y. Zhang, B. Winget, M. Doeff, J. W. Evans and T. M. Devine, J. Electrochem. Soc., 2005, 152,
B448-B454.
T. Kawamura, A. Kimura, M. Egashira, S. Okada and J. |. Yamaki, J. Power Sources, 2002, 104,
260-264.
D. Aurbach, A. Zaban, Y. Ein-Eli, I. Weissman, O. Chusid, B. Markovsky, M. Levi, E. Levi, A.
Schechter and E. Granot, J. Power Sources, 1997, 68, 91-98.
K. O. Christe, D. A. Dixon, D. McLemore, W. W. Wilson, J. A. Sheehy and J. A. Boatz, J. Fluorine
Chem., 2000, 101, 151-153.
S. E. Sloop, J. B. Kerr and K. Kinoshita, J. Power Sources, 2003, 119, 330-337.
U. Heider, R. Oesten and M. Jungnitz, J. Power Sources, 1999, 81, 119-122.
C. L. Campion, W. T. Li and B. L. Lucht, J. Electrochem. Soc., 2005, 152, A2327-A2334.
Z. H. Chen and K. Amine, J. Electrochem. Soc., 2006, 153, A1221-A1225.
G. G. Eshetu, S. Grugeon, G. Gachot, D. Mathiron, M. Armand and S. Laruelle, Electrochim. Acta,
2013, 102, 133-141.
M. A. Navarra, MRS Bull., 2013, 38, 548-553.
D. R. MacFarlane, N. Tachikawa, M. Forsyth, J. M. Pringle, P. C. Howlett, G. D. Elliott, J. H. Davis,
M. Watanabe, P. Simon and C. A. Angell, Energy Environ. Sci., 2014, 7, 232-250.
M. Armand, F. Endres, D. R. MacFarlane, H. Ohno and B. Scrosati, Nat. Mater., 2009, 8, 621-
629.
A. Guerfi, M. Dontigny, P. Charest, M. Petitclerc, M. Lagace, A. Vijh and K. Zaghib, J. Power
Sources, 2010, 195, 845-852.
H. Li,J. Pang, Y. Yin, W. Zhuang, H. Wang, C. Zhai and S. Lu, Rsc Advances, 2013, 3, 13907-13914.
H. Nakagawa, Y. Fujino, S. Kozono, Y. Katayama, T. Nukuda, H. Sakaebe, H. Matsumoto and K.
Tatsumi, J. Power Sources, 2007, 174, 1021-1026.
R. S. Kuehnel, N. Boeckenfeld, S. Passerini, M. Winter and A. Balducci, Electrochim. Acta, 2011,
56, 4092-4099.
V. Di Noto, S. Lavina, G. A. Giffin, E. Negro and B. Scrosati, Electrochim. Acta, 2011, 57, 4-13.
B. Scrosati and C. A. Vincent, MRS Bull., 2000, 25, 28-30.
M. Armand, Solid State lonics., 1983, 9-10, 745-754.
A. M. Stephan, Eur. Polym. J., 2006, 42, 21-42.
75



69.

70.
71.
72.

73.
74.
75.
76.
77.

78.
79.

80.

81.
82.
83.
84.
85.
86.
87.
88.

89.
90.
91.
92.
93.
94,
95.
96.

97.
98.
99.

100.
101.

102.

103.

104.

105.

C. Berthier, W. Gorecki, M. Minier, M. B. Armand, J. M. Chabagno and P. Rigaud, Solid State
lonics., 1983, 11, 91-95.

A. Bouridah, F. Dalard, D. Deroo and M. B. Armand, Solid State lonics., 1986, 18-9, 287-290.

A. Bouridah, F. Dalard, D. Deroo and M. B. Armand, J. App. Electrochem., 1987, 17, 625-634.

L. Porcarelli, A. S. Shaplov, M. Salsamendi, J. R. Nair, Y. S. Vygodskii, D. Mecerreyes and C.
Gerbaldi, ACS Appl. Mater. Interfaces, 2016, 8, 10350-10359.

G. Feuillade and P. Perche, J. App. Electrochem., 1975, 5, 63-69.

H. Nakajima and H. Ohno, Polymer, 2005, 46, 11499-11504.

I. Choi, H. Ahn and M. J. Park, Macromolecules, 2011, 44, 7327-7334.

J. Reiter, J. Vondrak, J. Michalek and Z. Micka, Electrochim. Acta, 2006, 52, 1398-1408.

M. Park, X. C. Zhang, M. D. Chung, G. B. Less and A. M. Sastry, J. Power Sources, 2010, 195,
7904-7929.

C. Masquelier, Nat. Mater., 2011, 10, 648-650.

N. Kamaya, K. Homma, Y. Yamakawa, M. Hirayama, R. Kanno, M. Yonemura, T. Kamiyama, Y.
Kato, S. Hama, K. Kawamoto and A. Mitsui, Nat. Mater., 2011, 10, 682-686.

Y. Inaguma, L. Q. Chen, M. Itoh, T. Nakamura, T. Uchida, H. Ikuta and M. Wakihara, Solid State
Commun., 1993, 86, 689-693.

R. Kanno and M. Maruyama, J. Electrochem. Soc., 2001, 148, A742-A746.

F. Mizuno, A. Hayashi, K. Tadanaga and M. Tatsumisago, Adv. Mater., 2005, 17, 918-921.

A. Hayashi, K. Minami, F. Mizuno and M. Tatsumisago, J. Mater. Sci., 2008, 43, 1885-1889.

K. Takada, N. Aotani and S. Kondo, J. Power Sources, 1993, 43, 135-141.

T. Lapp, S. Skaarup and A. Hooper, Solid State lonics., 1983, 11, 97-103.

L. Edman, A. Ferry and M. M. Doeff, J. Mater. Res., 2000, 15, 1950-1954.

F. Croce, G. B. Appetecchi, L. Persi and B. Scrosati, Nature, 1998, 394, 456-458.

P. E. Stallworth, J. J. Fontanella, M. C. Wintersgill, C. D. Scheidler, J. J. Immel, S. G. Greenbaum
and A. S. Gozdz, J. Power Sources, 1999, 81, 739-747.

J.Y.Song, Y. Y. Wang and C. C. Wan, J. Electrochem. Soc., 2000, 147, 3219-3225.

A. Boultif and D. Louer, J. Appl. Crystallogr., 1991, 24, 987-993.

N. Tapia-Ruiz, M. Segales and D. H. Gregory, Coordin. Chem. Rev., 2013, 257, 1978-2014.

L. O. Hagman and Kierkega.P, Acta Chem. Scand., 1968, 22, 1822-&.

M. Cretin and P. Fabry, J. Eur. Ceram. Soc., 1999, 19, 2931-2940.

H. Li, Z. X. Wang, L. Q. Chen and X. J. Huang, Adv. Mater., 2009, 21, 4593-4607.

K. Arbi, J. M. Rojo and J. Sanz, J. Eur. Ceram. Soc., 2007, 27, 4215-4218.

H. Aono, E. Sugimoto, Y. Sadaoka, N. Imanaka and G. Y. Adachi, J. Electrochem. Soc., 1989, 136,
590-591.

P. Knauth, Solid State lonics., 2009, 180, 911-916.

P. G. Bruce and A. R. West, J. Electrochem. Soc., 1983, 130, 662-669.

A. D. Robertson, A. R. West and A. G. Ritchie, Solid State lonics., 1997, 104, 1-11.

H.Y. P. Hong, Mater. Res. Bull., 1978, 13, 117-124.

M. Matsuo, Y. Nakamori, S. Orimo, H. Maekawa and H. Takamura, Appl. Phys. Lett., 2007, 91,
1-3.

H. Maekawa, M. Matsuo, H. Takamura, M. Ando, Y. Noda, T. Karahashi and S. I. Orimo, J. Am.
Chem. Soc., 2009, 131, 894-895.

M. Matsuo, A. Remhof, P. Martelli, R. Caputo, M. Ernst, Y. Miura, T. Sato, H. Oguchi, H.
Maekawa, H. Takamura, A. Borgschulte, A. Zittel and S. Orimo, J. Am. Chem. Soc., 2009, 131,
16389-16391.

H. Oguchi, M. Matsuo, T. Sato, H. Takamura, H. Maekawa, H. Kuwano and S. Orimo, J. Appl.
Phys., 2010, 107, 1-3.

M. Matsuo, T. Sato, Y. Miura, H. Oguchi, Y. Zhou, H. Maekawa, H. Takamura and S. Orimo,
Chem. Mat., 2010, 22, 2702-2704.

76



106.

107.
108.
109.

110.
111.

112.

113.
114.

115.

116.
117.
118.

119.
120.
121.
122.

123.
124.
125.
126.
127.
128.
129.
130.
131.
132.
133.
134.
135.
136.

137.

138.

W. Li, G. T. Wu, Z. T. Xiong, Y. P. Feng and P. Chen, Phys. Chem. Chem. Phys., 2012, 14, 1596-
1606.

J. B. Yang, X. D. Zhou, Q. Cai, W. J. James and W. B. Yelon, Appl. Phys. Lett., 2006, 88, 1-3.

S. Kondo, K. Takada and Y. Yamamura, Solid State lonics., 1992, 53, 1183-1186.

M. Tatsumisago, K. Hirai, T. Minami, K. Takada and S. Kondo, Nippon Seram. Kyo. Gakk., 1993,
101, 1315-1317.

J. L. Briant and G. C. Farrington, J. Electrochem. Soc., 1981, 128, 1830-1834.

U. V. Alpen, M. F. Bell, W. Wichelhaus, K. Y. Cheung and G. J. Dudley, Electrochim. Acta, 1978,
23,1395-1397.

J. Ibarra, A. Varez, C. Leon, J. Santamaria, L. M. Torres-Martinez and J. Sanz, Solid State lonics.,
2000, 134, 219-228.

R. Murugan, V. Thangadurai and W. Weppner, Angew. Chem.-Int. Edit., 2007, 46, 7778-7781.
C. A. Geiger, E. Alekseev, B. Lazic, M. Fisch, T. Armbruster, R. Langner, M. Fechtelkord, N. Kim,
T. Pettke and W. Weppner, Inorg. Chem., 2011, 50, 1089-1097.

A. G. Belous, G. N. Novitskaya, S. V. Polyanetskaya and Y. |. Gornikov, Inorg. Mater., 1987, 23,
412-415.

Y. Inaguma, L. Q. Chen, M. Itoh and T. Nakamura, Solid State lonics., 1994, 70, 196-202.

G. Y. Adachi, N. Imanaka and H. Aono, Adv. Mater., 1996, 8, 127-135.

J. A. Alonso, J. Sanz, J. Santamaria, C. Leon, A. Varez and M. T. Fernandez-Diaz, Angew. Chem.-
Int. Edit., 2000, 39, 619-621.

S. Stramare, V. Thangadurai and W. Weppner, Chem. Mat., 2003, 15, 3974-3990.

0. Bohnke, Solid State lonics., 2008, 179, 9-15.

R. Kanno, T. Hata, Y. Kawamoto and M. Irie, Solid State lonics., 2000, 130, 97-104.

M. Murayama, R. Kanno, M. Irie, S. Ito, T. Hata, N. Sonoyama and Y. Kawamoto, J. Solid State
Chem., 2002, 168, 140-148.

T. Kobayashi, T. Inada, N. Sonoyama, A. Yamada and R. Kanno, Mater. Res. Soc., 2005, 835, 333-
345,

S. Hori, M. Kato, K. Suzuki, M. Hirayama, Y. Kato and R. Kanno, J. Am. Ceram. Soc., 2015, 98,
3352-3360.

P. Bron, S. Johansson, K. Zick, J. S. auf der Gunne, S. Dehnen and B. Roling, J. Am. Chem. Soc.,
2013, 135, 15694-15697.

E. J. Cussen, Chem. Commun., 2006, 412-413.

V. Thangadurai and W. Weppner, J. Am. Ceram. Soc., 2005, 88, 411-418.

V. Thangadurai and W. Weppner, Adv. Funct. Mater., 2005, 15, 107-112.

V. Thangadurai and W. Weppner, J. Solid State Chem., 2006, 179, 974-984.

J. Percival, E. Kendrick and P. R. Slater, Solid State lonics., 2008, 179, 1666-1669.

I. Kokal, M. Somer, P. H. L. Notten and H. T. Hintzen, Solid State lonics., 2011, 185, 42-46.

J. L. Allen, J. Wolfenstine, E. Rangasamy and J. Sakamoto, J. Power Sources, 2012, 206, 315-319.
A. Unemoto, M. Matsuo and S. Orimo, Adv. Funct. Mater., 2014, 24, 2267-2279.

S. I. Orimo, Y. Nakamori, J. R. Eliseo, A. Zittel and C. M. Jensen, Chem. Rev., 2007, 107, 4111-
4132.

H. Oguchi, M. Matsuo, J. S. Hummelshoj, T. Vegge, J. K. Norskov, T. Sato, Y. Miura, H. Takamura,
H. Maekawa and S. Orimo, Appl. Phys. Lett., 2009, 94, 1-4.

D. Sveinbjornsson, J. S. G. Myrdal, D. Blanchard, J. J. Bentzen, T. Hirata, M. B. Mogensen, P.
Norby, S. I. Orimo and T. Vegge, J. Phys. Chem. C, 2013, 117, 3249-3257.

L. H. Rude, O. Zavorotynska, L. M. Arnbjerg, D. B. Ravnsbaek, R. A. Malmkjaer, H. Grove, B. C.
Hauback, M. Baricco, Y. Filinchuk, F. Besenbacher and T. R. Jensen, Int. J. Hydrog. Energy, 2011,
36, 15664-15672.

T. Sato, K. Ikeda, H. W. Li, H. Yukawa, M. Morinaga and S. Orimo, Mater. Trans., 2009, 50, 182-
186.

77



139.

140.

141.

142.
143.
144.

145.

146.

147.

148.

149.

150.

151.

152.
153.
154.
155.
156.
157.
158.
159.
160.
161.
162.
163.
164.
165.
166.
167.
168.
169.

170.
171.

172.

173.
174.

M. B. Ley, D. B. Ravnsbaek, Y. Filinchuk, Y. S. Lee, R. Janot, Y. W. Cho, J. Skibsted and T. R. Jensen,
Chem. Mat., 2012, 24, 1654-1663.
M. B. Ley, S. Boulineau, R. Janot, Y. Filinchuk and T. R. Jensen, J. Phys. Chem. C, 2012, 116,
21267-21276.
M. Matsuo, S. Kuromoto, T. Sato, H. Oguchi, H. Takamura and S. Orimo, Appl. Phys. Lett., 2012,
100, 1-4.
H. W. Li, Y. G. Yan, S. Orimo, A. Ziittel and C. M. Jensen, Energies, 2011, 4, 185-214.
P. Jena, J. Phys. Chem. Lett., 2015, 6, 1119-1125.
T. J. Udovic, M. Matsuo, A. Unemoto, N. Verdal, V. Stavila, A. V. Skripov, J. J. Rush, H. Takamura
and S. Orimo, Chem. Commun., 2014, 50, 3750-3752.
J.-H. Her, M. Yousufuddin, W. Zhou, S. S. Jalisatgi, J. G. Kulleck, J. A. Zan, S.-J. Hwang, R. C.
Bowman, Jr. and T. J. Udovic, Inorg. Chem., 2008, 47, 9757-9759.
L. He, H.-W. Li, H. Nakajima, N. Tumanov, Y. Filinchuk, S.-J. Hwang, M. Sharma, H. Hagemann
and E. Akiba, Chem. Mat., 2015, 27, 5483-5486.
N. Verdal, J. H. Her, V. Stavila, A. V. Soloninin, O. A. Babanova, A. V. Skripov, T. J. Udovic and J.
J. Rush, J. Solid State Chem., 2014, 212, 81-91.
H. Wu, W. S. Tang, V. Stavila, W. Zhou, J. J. Rush and T. J. Udovic, J. Phys. Chem. C, 2015, 119,
6481-6487.
T. J. Udovic, M. Matsuo, W. S. Tang, H. Wu, V. Stavila, A. V. Soloninin, R. V. Skoryunov, O. A.
Babanova, A. V. Skripov, J. J. Rush, A. Unemoto, H. Takamura and S. Orimo, Adv. Mater., 2014,
26, 7622-7626.
W. S. Tang, A. Unemoto, W. Zhou, V. Stavila, M. Matsuo, H. Wu, S. Orimo and T. J. Udovic,
Energy Environ. Sci., 2015, 8, 3637-3645.
A. J. Downs, 1993, ISBN 978-0-7514-0103-5, Chemistry of Aluminium, Gallium, Indium and
Thallium, Springer Netherlands.
G. Mairesse, P. Barbier and J. P. Wignacourt, Crystal Struct. Commun., 1977, 6(1), 15-18.
W. Weppner and R. A. Huggins, J. Electrochem. Soc., 1977, 124, 35-38.
K. Yamada, M. Kinoshita, K. Hosokawa and T. Okuda, Bull. Chem. Soc. Jpn., 1993, 66, 1317-1322.
Y. Tomita, H. Ohki, K. Yamada and T. Okuda, Solid State lonics., 2000, 136, 351-355.
K. Yamada, S. Matsuyama, Y. Tomita and Y. Yamane, Solid State lonics., 2011, 189, 7-12.
K. Yamada, K. Kumano and T. Okuda, Solid State lonics., 2006, 177, 1691-1695.
M. O. Schmidt, M. S. Wickleder and G. Meyer, Z. Anorg. Allg. Chem., 1999, 625, 539-540.
W. Honle, B. Hettich and A. Simon, Z. Naturforsch. B, 1987, 42, 248-250.
N. D. Dey, J. S. Miller and W. L. Browden, 1983, Duracell Inc., USRE31414, E US 06/199, 160.
http://www.cit.nihon-u.ac.jp/kouendata/No.44/pdf/5-30.pdf, accessed on 23rd October 2015.
K. Yamada, 2006, Annual research report, 222.
T. Staffel and G. Meyer, Z. Anorg. Allg. Chem., 1989, 574, 107-113.
J. Quadflieg, M. Scholten and R. Dronskowski, Z. Krist.-New Cryst. Struct., 1998, 213, 231-231.
S. Matsuyama, Y. Yamane and K. Yamada, 2009, Annual report, 49-50.
R. Burnus and G. Meyer, Z. Anorg. Allg. Chem., 1991, 602, 31-37.
N. J. Dudney, Annu. Rev. Mater. Sci., 1989, 19, 103-120.
X. H. Yu, J. B. Bates, G. E. Jellison and F. X. Hart, J. Electrochem. Soc., 1997, 144, 524-532.
K. H.Joo, H. J. Sohn, P. Vinatier, B. Pecquenard and A. Levasseur, Electrochem. Solid State Lett.,
2004, 7, A256-A258.
S. D. Jones, J. R. Akridge and F. K. Shokoohi, Solid State lonics., 1994, 69, 357-368.
T. Ohtomo, A. Hayashi, M. Tatsumisago and K. Kawamoto, J. Non-Cryst. Solids, 2013, 364, 57-
61.
A. Hayashi, H. Muramatsu, T. Ohtomo, S. Hama and M. Tatsumisago, J. Alloy. Compd., 2014,
591, 247-250.
J. H. Kennedy and Z. M. Zhang, Solid State lonics., 1988, 28, 726-728.
M. Tatsumisago, M. Nagao and A. Hayashi, J. Asian Ceram. Soc., 2013, 1, 17-25.

78



175.
176.
177.
178.
179.
180.
181.
182.

183.

J. Fu, Solid State lonics., 1997, 96, 195-200.

M. Kotobuki and M. Koishi, Ceram. Int., 2013, 39, 4645-4649.

V. Patil, A. Patil, S.-J. Yoon and J.-W. Choi, J. Nanosci. Nanotechnol., 2013, 13, 3665-3668.

J. Fu, Solid State lonics., 1997, 104, 191-194.

J. D. Nikolic, S. V. Smiljanjic, S. D. Matijasevic, V. D. Zivanovic, M. B. Tosic, S. R. Grujic and J. N.
Stojanovic, P. App. Ceram., 2013, 7, 147-151.

K. He, C. Zu, Y. Wang, B. Han, X. Yin, H. Zhao, Y. Liu and J. Chen, Solid State lonics., 2014, 254,
78-81.

M. Tatsumisago, S. Hama, A. Hayashi, H. Morimoto and T. Minami, Solid State lonics., 2002,
154, 635-640.

Y. Seino, T. Ota, K. Takada, A. Hayashi and M. Tatsumisago, Energy Environ. Sci., 2014, 7, 627-
631.

A. R. West, 1988, ISBN 0-471-91798-2, Basic solid state chemistry, Jonh Wiley & Sons Ltd.

79



2. Experimental
The aim of this chapter is to illustrate in detail the synthetic methods and
techniques used to prepare and characterise the Li ion solid state electrolyte

materials described in this work.

A variety of different techniques have been employed to characterise these
materials. Powder X-ray and neutron diffraction (PXD and PND) have been used for
structural determination and phase analysis. Different spectroscopy techniques have
been required to provide extra information on the structure/properties of these
materials. The spectroscopy techniques include Raman and electrochemical
impedance spectroscopy (EIS). Scanning electron microscopy (SEM) has been used to
analyse the particle size, morphology and crystallographic features of these
electrolytes. Finally, simultaneous thermal analysis coupled with mass spectroscopy
(STA/MS) has been utilised to determine the thermal stability of the materials
analysed, explore phase transitions and study the gases released in relation to

temperature during the decomposition of the materials.

2.1 Preparative methods

2.1.1 Air sensitive handling techniques

The Li ion solid state electrolyte materials synthesised in this work are air and
moisture-sensitive, therefore all the procedures needed for the synthesis were
carried out in a N2(g) or Ar(g) atmosphere. MBraun LABstar Glove Box has been used
to perform this work which includes a stand, large main antechamber, a rotary vane
vacuum pump and an atmosphere controller. This glove box includes a single column
inert gas purification system that is fully automatic and regenerable. The glove box

maintains atmosphere levels of less than 1 ppm oxygen and moisture.
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2.2 Synthetic techniques

2.2.1 Ball milling

2.2.1.1 Background

Ball milling can be used to facilitate the reaction of solids, induced by the
input of mechanical energy. This method is becoming a really useful technique for
two main reasons: Firstly, it can promote reactions between solids quickly and
quantitatively, with no added solvent. The dependence of solvents appears
increasingly unsustainable since it is wasteful of fossil fuel-derived materials,
environmentally problematic, hazardous and energy-demanding with regard to
solvent production, purification and recycling. Secondly, it can reduce particle sizes;
a mechanical action is applied by hard surfaces on materials, normally to break up
the material and to trigger the increase in the contact surface area between
reactants. As the particles become smaller and more intimately mixed the reaction

can proceed quicker.'

2.2.1.2 Ball milling equipment

Ball milling was used in this work primarily to reduce the particle size and
ensure good dispersion between the two or three starting materials prior to reaction.
During the process, sometimes, phase transitions or gas evolution might occur due
to pressure build-up within the grinding vessel and/or heating due to particle

friction.

For this work a planetary mill has been used. The ball milling system consists
of the turn disc and one bowl. The turn disc rotates in one direction while the bowl
rotates in the opposite direction. The centrifugal forces, created by the rotation of
the bowl around its own axis together with the rotation of the turn disc, are applied
to the powder mixture and milling balls in the bowl, known as Coriolis forces. The

powder mixture is fractured and cold welded under high impact

There are different types of grinding media (tungsten carbide, zirconium
oxide, polyamide plastic, etc.) and each material is used depending on the type of

compound being ground. A Restch PM 100 ball mill was used in all instances in this
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work, employing with stainless steel jars and 10 mm stainless steel milling balls. The
materials were mechanically milled for different times under argon atmosphere at
different speeds. Interval breaks with reverse rotation were applied to avoid heating
of the sample and the ball-to-powder ratio was either 80:1 or 400:1. All the samples
required preparation in a glove box. This technique was employed for the synthesis
of the stabilised HT - LiBH4 - type (chapter 3, sections 3.3.2 and 3.3.3) and HP - LiBH4
- type materials at room temperature (chapter 4, section 4.2.1), [LiX][NH3BH3] (X =
H, BH4, Br and 1) (chapter 5, sections 5.2.1, 5.2.2 and 5.2.3) and LilnBr4 (chapter 6,

section 6.2.1).

2.2.2 Thermal treatment

Conventional thermal treatment was employed either to complete the
unfinished reaction from ball milling or to improve the crystallinity of the final
compounds. The mixtures were placed in a silica vessel sealed with a rubber septum
to avoid air exposure. The reaction vessels were removed from the glovebox and
placed in a vertical furnace. Syringes connected to plastic pipes are used as a gas

inlet and outlet, lowering the risk of leakage.

2.2.2.1 The Bridgman technique

Crystal growth refers to the artificial synthesis of crystals and it can be
classified in to three different groups depending on which phase transition is involved
in the crystal formation, i.e. solid - solid, liquid - solid, gas - solid. The most common
method involves using liquid-solid processes and more specifically for solid state

reactions growing crystals from the liquid by melting the solid (Figure 2.2-1).2
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Flux

Solid-Solid Solution
Crystal Liquid-Solid Hydrothermal Czochraiski
Gas-Solid Gel Verneuil
Melt Kyropoulos

Figure 2.2-1. Classification of crystal growth techniques.®

Zonling

Bridgman

The Bridgman technique (also known as the Bridgman-Stockbarger technique)

was applied in the literature for growing crystals of LilnBrs (Chapter 6). This method

relies on directional solidification by translating a melt of the material from the hot

zone to the cold zone. This technique can be applied in two similar configurations,

either vertical or horizontal. The horizontal Bridgman technique was used in the

literature because it exhibits higher crystalline quality (Figure 2.2-2). The crystal

experiences a lower stress due to the free surface on the top of the melt and it can

expand during the entire growth process. The vertical Bridgman techniques allows

the growth of crystals in circular shape.

max

Tsoﬁa‘

A temperature profile

Figure 2.2-2. Horizontal Bridgman technique.
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In this work, LilnBrs was synthesised via chemical vapor transport technique
(CVT). A Carbolite tube furnace was used in all instances in this work. The
experiments were performed by pressing approximately 0.5 g of the mixture of the
reactants under a load of 2 tonnes to give a 5 mm diameter cylindrical pellet
approximately 4-5 mm thick. The pellet was placed in a silica vessel sealed with a
rubber septum to avoid air exposure. The reaction vessels were removed from the
glovebox, sealed under vacuum and placed in a horizontal furnace. The samples were
typically heated at 5 K min-'to 513 K for 12 h and slowly cooled down at 1 K min! to
room temperature. Crystals obtained were transferred to the glovebox and silicon oil
was added to isolate them from the atmosphere before the measurements by single
crystal X-ray diffraction were taken, however the crystals were highly air and
moisture sensitive making challenging the analysis. Therefore, sample preparation
for X-ray analysis (technique which will be explained in the following section) was
performed inside the glove box. Samples were grounded with an agate mortar and a
pestle until fine powder was obtained. The powders were loaded and well packed
inside capillaries (0.5 mm thick and 30 mm long). The loaded capillaries were sealed
with wax to prevent any oxygen or moisture contamination and once outside the

glove box they were sealed using a flame.

2.3 Structural determination and characterisation techniques

2.3.1 Powder X-ray diffraction

2.3.1.1 Background

In 1913, Max von Laue et al. first observed the diffraction of X-rays by crystals.*

X-ray diffraction is the principal technique used in structural solid state
chemistry. X-rays are generated when a beam of high-energy electrons provided by
a tungsten filament is accelerated towards a metal target, i.e. copper (anode), and

a spectrum of X-rays is emitted, called “white radiation”. The maximum energy

it White radiation is the production of a continuous spectrum of X-rays caused by the loss of energy of the electrons
by collision with atoms.
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lost, Emax), determines the shortest wavelength, Amin, that can be obtained

according to the equation

E=¢eV =hc/A (2.1)

where e is the charge on the electron, Vis the accelerating voltage, h is Planck’s
constant, and c is the speed of light. A more practical form of this equation is given
by

A=12.398/V (2.2)

where V is in kilovolts and A is in Angstroms (1 A = 0.1 nm). For a Cu anode and 40
KV, Amin) is equal to 0.31 A. The maximum in the intensity of the white radiation
occurs at a wavelength that is roughly 1.5 x Amin). Longer wavelengths are obtained
by multiple-collision processes.>

The beam of electrons has sufficient energy to cause emission of some of the
copper 1s (K shell) electrons. The electrons from outer orbital (2p or 3p) can jump
into the vacant K shell releasing X-radiation. The transition energies have specific
values and so a spectrum of characteristic X-rays results. For copper, the 2p — 1s
transition, denoted Ka, has a wavelength of 1.5418 A. X-rays are electromagnetic
radiation of wavelength 1 A, comparable to that of the inter-atomic distances within
a crystal (~0.8 - 3 A). Crystalline phases have characteristic powder patterns which

can be used as for identification purposes.®

The Bragg approach to diffraction is to regard crystals as built up of layers or
planes. Some of the X-rays are diffracted off a plane with the angle of reflection
equal to the angle of incidence, but the rest are transmitted to be subsequently
reflected by succeeding planes. The derivation of Bragg’s law is shown in (Figure
2.3-1).7 Two incident X-ray beams strike in different planes of regular arrays of
atoms, lattice planes, which are described with Miller indices, hkl. Beam BB’ has to
travel an extra distance xyz as compared to beam AA’, and for A’ and B’ to be in
phase, distance xyz must be equal to a whole number of wavelengths, nA. The
perpendicular distance, the d-spacing, dn«, and the angle of incidence, or Bragg

angle, 6, are related to the distance xy by
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Xy =yzZ = dpy; Sin 8 (2.3)
xyz = 2dpy; sin @ (2.4)

XyzZ = ni (2.5)
When Bragg’s law is satisfied (integral number of wavelength, nA), the

diffracted beams are in phase and interfere constructively.

Zdhkl sinf = ni (2.6)

o  latticeplane

®— latticeplane

Figure 2.3-1 Schematic used for the derivation of Bragg’s law for X-ray diffraction. A and B
represent the incident X-ray beams striking with atoms with an angle 6. A’ and B’ are the scattered
X-rays. The lattice spacing is denoted by dn«. Bragg’s law is satisfied when a constructive
interference occurs (the angle of incidence has to be equal to the angle of scattering and the
distance xyz must be equal to a whole number of wavelengths, nA).

Crystals are formed by the arrangement of different atoms in three
dimensions. They are defined by their unit cell which is the smallest repeating unit
which shows the full symmetry of the crystal structure. The unit cell is defined by

three distances a, b, ¢ and three angles a, 8, y (Figure 2.3-2).
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Figure 2.3-2 Representation of a 3D unit cell.

In total there are seven independent unit cell shapes that are possible in three-
dimensional crystals structures, which are known as the seven crystal systems listed
in Table 2.3-1. Each system has a unique volume formula and each is shown in Table
2.3-2. Each crystal is governed by the presence or absence of symmetry in the

structure and the essential symmetry is given in the third column (Table 2.3-1).

Lattice points are the coordinates in a crystal lattice where atoms or ions can
be placed. The three-dimensional unit cell includes four different types of shapes:
the primitive unit cell, P, has a lattice point at each corner; the body-centred unit
cell, I, has a lattice point at each corner and one at the centre of the cell; the face-
centred unit cell, F, has a lattice point at each corner and one in the centre of each
face; the face-centred unit cell, A, B, or C, has a lattice point at each corner, and
one in the centres of one pair of opposite faces (e.g. an A-centred cell has lattice
points in the centred of the bc faces). The combination of the seven crystal systems
and the four lattice types give the 14 possible Bravais lattices describing crystal
structures. Combining point groups with planes of symmetry and centres of
symmetry, means that in total 32 point groups can describe all the possible non-
translational symmetries. By the combination of these 32 point groups with the 14
Bravais lattices, when additional translational symmetry elements are applied, 230
three-dimensional space groups can be found that crystal structures can adopt.?®

These values can be found in the International Tables for Crystallography.®

For each crystal system, with their specific unit cell dimensions, the spacing
of the reflecting planes is given by the formulae represented in Table 2.3-3.7°
However lattice centring, screw axes and glide planes need to be considered because
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they can lead to destructive interference for some reflections and these extra missing

reflections are known as a systematic absences which can be found in Table 3.3-4.

For instance, for a primitive cell all reflections will be present but for a face-centred

lattice only all odd or all even values for h k [ will be present.

Table 2.3-1 Shape and symmetry representing the seven crystal systems.

Crystal system

Unit cell shape

Essential symmetry

Allowed lattices

Cubic

Tetragonal

Orthorhombic

Hexagonal

Trigonal  (a)

(b)

Monoclinic

Triclinic

a=pB=y+90°
a*b*c
a=y=90" ,8+90°
a+b+c

a+p#+y+90°

Four threefold axes

One fourfold axes

Three twofold axes

or mirror planes

One sixfold axis

One threefold axis

One threefold axis

One twofold axis

or mirror plane

None

P,F, I

P, I

P,F, I, A, (BorC)

P,C

Primitive (P), Face centred (F), side centred (C) body centred (I) lattices.
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Table 2.3-2 Volume of the unit cell.

Unit Cell Volume
Cubic V=a3
Tetragonal V =a’c
Orthorhombic V = abc
Hexagonal V= V3a'c = 0.866a%c
5 :
Monoclinic V =abcsinf
Triclinic V = abc(1 — cos? a — cos? B — cos?y + 2 cos a cos 8 cosy)/?

Table 2.3-3 Relation of the lattice spacing dnx to cell parameters in the different crystal systems.

Crystal system | dna as a function of the Miller indices and lattice parameters

Cubic

Tetragonal

Orthorhombic

Hexagonal

Monoclinic

Triclinic

1 R+E*+1
dh - a’

1 R+ Ek?+12 I?
= +

2 2 2
A a ¢

L _m ke
dhklz_az p2 2

2 2 2
Al 3 a c

1 4<h2+hk+k2> 1?
=— +

11 (K k2+sin2,8+l2 2hlcos B
Ay " sinZ B \a? b2 c? ac

1 1
2=z [h?b?c? sin? a + k%a%c? sin? B + 12a?b? sin® y

dhp
+ 2hkabc?(cos a cos B — cosy)

+ 2kla?bc(cos B cosy — cos a)
+ 2hlab?c(cos a cosy — cos B)]
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Table 2.3-4 Systematic absences due to lattice type

Lattice type Rule for reflection to be observed
Primitive, P None

Body centred, | hkl;h+k+1=2n

Face centred, F hkl; h, k, 1 either all odd or all even

Side centred, e.g. C hkl;h + k = 2n

Rhombohedral, R hkl;—=h+k+1=3nor(h—k+1=3n)

From X-ray diffraction experiments, a huge amount of information can be
obtained, for instance, by measuring the Bragg angles of the reflections and
successfully indexing them, information on the size of the unit cell and also on the
symmetry can be obtained. The factors which control the intensity of X-ray
reflections are the intensity scattered from the large number of atoms that are
arranged periodically in the crystal. Atoms diffract or scatter X-rays due to an
incident X-ray beam (electromagnetic wave with an oscillating electric field) sets
each electron of an atom into a vibration. The electron emits radiation which is in
phase or coherent with the incident X-ray beam, acting as a secondary point sources
of X-rays (the wave is deflected by the electron without loss of energy and, therefore,
without change of the wavelength). The intensity of the radiation scattered

coherently by “point source” is given by the Thomson equation (2.7):

Ip < %(1 + cos? 20) 2.7)

where I, is the scattered intensity at any point, P, and 26, is the angle between the
directions of the incident beam and the diffracted beam that passes through P. The
scattered beams are most intense when parallel or antiparallel to the incident beam
and are weakest when 90 ° to the incident beam (2.7). The Thomson equation is also
known as the polarization factor (standard angular correction factors that must be

applied during processing intensity data for use in structure determination).
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When an incident beam 1 or 2 interacts with an electron, a phase difference
corresponding to the distance XY exists between beams 1’’ and 2’’ (Figure 2.3-3).
This phase difference is rather less than one wavelength (i.e. XY < 1.5418 A for Cu
Ka X-rays) because distances between electrons within atom are short. Therefore,
only partial destructive interference occurs between 1°’ and 2’’. The overall effect
of interference between beams scattered by all the electrons in the atom is to cause
a gradual decrease in scattered intensity with increasing angle, 26 (partial
destructive inferences). The scattering factor or form factor (f) is the ratio between
the amplitude scattered by the atoms and the electron density of charge. The
scattering factor represents a number of electrons that scatter in phase in that
direction, so that 6 = 0 and f(0) = Z. The form factors of atoms are tabulated against
(sinB/A) to include the effect of both angle and X-ray wavelength; they can be found

in the International Tables for Crystallography.®

2’

Figure 2.3-3 Interaction of X-ray beam (1 and 2) electrons in an atom. Beam 1’ and 2’ represent
the scattered X-rays, Figure adapted from West.'!

The form factors gives rise to two different consequences. First, the powder
patterns of most materials contain only weak lines at high angles (above ~60 to 70°
20). Second, in crystal structures using X-rays, it is difficult to locate light atoms
because their diffracted radiation is so weak. Thus hydrogen atoms cannot usually be

located unless all the other elements present are also extremely light (Figure 2.3-4).
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Figure 2.3-4 Form factors of Fe?*, O, C and H.1?

2.3.1.2 Sample preparation for X-ray diffraction

Sample preparation for X-ray analysis was performed inside the glove box
because all the materials were air and moisture sensitive. Samples were ground with
an agate mortar and pestle until a fine powder was obtained. The powders were
loaded and well packed inside capillaries (0.5 mm thick and 30 mm long). The loaded
capillaries were sealed with wax to prevent any oxygen or moisture contamination

and once outside the glove box they were sealed using a flame.

2.3.1.3 Data collection

Powder X-ray diffraction experiments were conducted with a Bruker d8
Advance powder diffractometer in transmission geometry with spinning sealed
capillaries (operating with Cu Ka radiation in Debye-Scherrer geometry).8 X-rays are
generated when a beam of high-energy electrons provided by a tungsten filament are
accelerated towards an anode by a potential difference of 40 kV with a current of 40
mA.

The chamber where X-rays are generated is called the X-ray tube. The X-rays
will leave the tube through windows made of beryllium. A monochromatic beam of
X-rays is needed i.e. for copper, Ka; radiation (1.54184 A) is desired because it is the
most intense line, and therefore a filter (Si (111)) will be used to avoid KB radiation
(1.39222 A). The monochromatic beam of X-rays impact with a sample loaded in a

capillary. The diffracted beam is conducted through a standard detector (VANTEC
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PSD 1 detector) that generates the powder pattern based on the Debye-Scherrer

method.

Diffraction data for phase identification were typically collected over 5° < 26
< 85° witha 0.017° step size and scan times of 1 h with longer scans used as necessary

to improve counting statistics.

2.3.1.4 Data analysis

Data were collected from Bruker d8 powder diffractometer. In order to
identify the phases, crystallographic data from the Inorganic Crystal Structure
Database, ICSD, were used.'3 The CELREF software package was used for indexing the
lattice parameters using a least squares fitting routine. The data were analysed using
Rietveld refinement as implemented in the GSAS software package'* via the EXPGUI

interface'.

2.3.2 111 at Diamond

111 is used widely because it produces high resolution X-ray powder diffraction
data not achievable using conventional sources.'® The Synchrotron X-ray powder
diffraction beamline (I11) at the Diamond Light Source was used for the structural
analysis of [Lil][NH3BH3] compounds in chapter (chapter 5, section 5.4.3.5).
Synchrotron light is the electromagnetic radiation emitted when electrons, moving
at velocities close to the speed of light, are forced to change direction under the

action of a magnetic field.
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Figure 2.3-5 Schematic of Diamond Light Source in Oxfordshire!® showing the electron gun and
the particle accelerators where the electrons are accelerated afterwards (Linac and Booster
synchrotron) and then send into the storage ring where electrons circle until reach almost the
speed of light generating a beamline which is directed into separate experimental stations (only
shown one, 111).

At the Diamond light source, the electrons are generated and accelerated into
the booster synchrotron where the electrons are accelerated further before entering
the storage ring at an energy of 3 GeV corresponding to a speed of 99.9% (fraction of
speed of light). As the electrons travel round the ring, they are diverted by magnets
and in the process produce X-rays. The X-ray beams emitted by the electrons are
directed toward beamlines that surround the storage ring in the experimental hall
(Figure 2.3-5).

111 uses 45 detectors to enable data collection in a few seconds. The highest
flux is obtained at medium energies (11-20 keV), decaying quickly beyond 20 keV.
The experiments carried out in this project were performed with a wavelength of
0.826281(10) A using a standard silicon sample (Figure 2.3-6)."7

Instrumentafion

User control room Experimental hutch area (electronic racks) Optics hutch Front end Undulator
Diffractometer le lo MR nIlrrors Mono o jimator _y e-beam
Robotic DH—— — l 7
arm =3
| —
: , 74 f
Slits4 Siits3 Slits2 Slts1 Shater
]
Component distance ! ' ! l 2%. 2m sobrce
from source p 48.0m 43Am 29.5m | 262m | 25

278m 24.Tm

Figure 2.3-6 Schematic representation of Beamline 111 showing the main components and their
approximate distances from the IVU (X-ray source).t’
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2.4 Powder neutron diffraction

2.4.1 Background

Neutrons interact directly with the nucleus of the atom, and the contribution
to the diffracted intensity is different for each isotope. The use of powder neutron
diffraction can be vital in identifying the position of light atoms that cannot be
reliably detected using X-ray scattering. However, neutron diffraction is expensive

and neutron sources are located only in a few places across the world.8

The materials synthesised in this work were analysed at the ISIS facility,
Rutherford laboratory in the United Kingdom (Figure 2.4-1)." The neutrons are
produced in a spallation process by bombarding tantalum targets with high-energy
protons produced using a 800 MeV proton accelerator. On striking the target each

proton produces 25-30 fast neutrons.

OSIRIS 59 IRIS Target Station 1

CRISP POLARIS ‘R(ﬂ S

SURF_10q] INES
. ' ’TOW\ ¥ CHRONUS

AL 0% F -u'wma\no acility
\‘\,
SANDALS ™= " A4

Extracted Proton Beam

N R
u.t .D!,m

MAPS , i
"smf \ EC Muon Facility

VESUVIO pseaiin MARIY Gen

(c) Extracted Proton Beam
ENGIN-X

. NIMROD
Target Station 2 2 33

ARMOR

Figure 2.4-1 Rutherford Appleton Laboratory in Oxfordshire. (a) Production of H ions by a proton
accelerator (b) Synchrotron ring where H" ions are fired producing a H* beam (c) Generation of
pulses of high energy H* which bombard the tungsten target, producing an extremely intense
neutron pulse. The pulse is directed into separate experimental stations (Target Station 1 and 2).
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The accelerator produces H- ions using an electric discharge. The H"ions are
accelerated and separated by a radio frequency quadrupole accelerator. These H-
ions will be further accelerated until they reach a speed that is 37% of the speed of
light at the end of the linear accelerator, linac (Figure 2.4-1, a). After acceleration,
the H™ ions are fired through a gold foil, which strips off both electrons thus producing
a medium-energy proton beam, which is then further accelerated in the main ring to
higher energies. The accelerator is formed by an injector and a synchrotron (Figure
2.4-1, b). Once the H* are in the synchrotron they will be accelerated by
radiofrequency electric fields. Once enough H* have been collected they will be
liberated with at 84% of the speed of light. These pulses of high energy protons will
travel on and bombard the target atoms, tantalum, giving an extremely intense
neutron pulse. This neutron pulse is then slowed by interaction with a hydrogenous
moderator to give a pulse with an optimal energy distribution for the particular
instrument. (Figure 2.4-1, c). ISIS possesses two different target stations. Materials
from chapters 3 and 6 (sections 3.3.8, 3.3.9 and 6.2.5) were analysed using GEM
which is situated in Target Station 1 (Figure 2.4-1) and will be explained in detail in
section 2.4.2.1.

2.4.2 Time of flight Powder Neutron Diffraction

The resultant pulsed beam of neutrons has a wide range of velocities, which
can be correlated to wavelengths (A) by De Broglie law (2.8):
h (2.8)

A=
p

where A is the wavelength, p is the momentum of the particles (p = mv, where m is
the mass of the neutron, 1.675 x 1027 kg and v is the velocity), and h is Planck’s
constant. A typical velocity of a thermal neutron is 2200 m s™!, which correspond to
a wavelength of 1.8 A. This value is similar to the atomic interspacing in crystals and
thus, it is possible for crystalline materials to diffract neutrons. The distance
travelled by the neutrons from the moderator to the sample and finally on to the
detector is also known (L). This detector is placed at a fixed 26 angle and the time
of arrival of the neutrons is recorded. The wavelength of the neutrons is directly

proportional to the time of flight (ts), given by:
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ALm (2.9)
TS

where tr is the time of flight, A is the wavelength, L is the distance from the

moderator to the detector, m is the mass of the neutron and h is Planck’s constant.

The non-monochromated wavelengths of the different neutrons can be further
used in the Bragg equation (2.6) to determine the d-spacing of the specimen
analysed. As the angle is fixed, complete diffraction patterns can be obtained by a
single detector although in practice, a number of detectors arranged into fixed banks

are used to reduce counting times.

There are several important differences between X-ray and neutron diffraction
techniques, X-rays interact with the electronic cloud of an atom whereas neutrons
interact with the nucleus. The X-ray interaction (quantified by the scattering factor)
is proportional to the atomic number, Z. However for neutrons the neutron scattering
factor is more complicated and cannot be easily predicted. Values have to be
determined experimentally and they vary for each atom and for each isotope (Figure
2.4-2).
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Figure 2.4-2. Neutron scattering factors as a fraction of atomic number, Z.2°
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Table 2.4-1 Scattering length for a selection of elements.?°

Element H D Li “Li B g N \Y, Br

Scattering length, b (fm) -3.74 6.67 -190 -222 530 6.65 9.36 -0.405 6.795

Distinction between different isotopes is possible due to the different
scattering length of the nuclei. This allows the technique of isotopic substitution to
be used to yield structural and dynamic details of the specimen analysed. One of the
most useful isotopic substitutions in solid-state chemistry is that of deuterium, D, for
H. This replacement can be explained by 1) the higher coherent scattering factor that
deuterium possesses when compared to hydrogen (Table 2.4-1); 2) a high incoherent
scattering for hydrogen, which leads to a large background from non-Bragg

scattering.

2.4.2.1 Data collection

The ToF powder neutron diffraction experiments described in chapters 3 and
6 (sections 3.3.8, 3.3.9 and 6.2.5) were carried out on GEM (GEneral Materials
Diffractometer, Figure 2.4-3) at the Rutherford Appleton laboratory. Data were

collected with the assistance of Prof D. Keen.

GEM is one of the most advanced neutron diffractometers in the world. Its
detector array has a very large area, 7.270 m?, and a very wide range in scattering
angles, from 1.2 ° to 171.4 °. GEM receives neutrons through a beam port, using
liquid methane as a moderator, ensuring that the temperature of the beam stays
between 100 and 110 K. The flight path length from the moderator to the sample is
17 m. This relatively long distance gives a high resolution and it leads to a good
separation of the Bragg peaks in a powder diffraction pattern. In total eight different
detectors can be found for GEM which are ZnS/®Li scintillator. The sample has to be

contained within an evacuated sample tank.?!
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Figure 2.4-3. A schematic layout of the detector banks of the GEM detector array.??

2.4.2.2 Sample preparation

The sample was loaded into a 6 mm diameter can of vanadium, as the
scattering from vanadium is almost entirely incoherent.?? For samples measured at
room temperature, an indium wire was used to seal the cans. The samples that were
measured at high temperatures were sealed with a copper ring. The materials studied
in this project needed to be loaded at the glove box because they were air and
moisture sensitive (0O, and H20 > 0.5 ppm, respectively). The size of sample required
for neutron diffraction experiment is larger than for X-rays, about 1 or 2 grams is
needed, because of the weaker interaction of the neutron beams leads to a lower

probability of Bragg scattering.

2.4.3 Constant Wavelength Powder Neutron Diffraction

All the constant wavelength powder neutron diffraction (CW PND) data
presented in this work were obtained from the D20 powder diffractometer at the
Institute Laue-Langevin (ILL) in Grenoble (Samples from chapter 5, section 5.4.3.5).

Specifications of this instrument will be further detailed in the next section.

The High-Flux Reactor (ILL HFR) is used to create and deliver neutrons. It
produces an intense continuous flux of 1.5-10" neutrons per second per cm?, with a
thermal power of 58.3 MW. The neutron source is produced by a nuclear fission
reaction. The CW PND technique is then based on the same principle as other
diffraction methods that use incident monochromatic radiation such as laboratory or
synchrotron X-rays. The white beam that exits the moderator hits a monochromator
that uses Bragg’s law to select a narrow range of wavelengths to strike the sample.
The scattered neutrons will be finally measured as a function of the scattering angle
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by a position sensitive detector (PSD) that can be scanned to cover a 153.6 °range of

scattering angles.

2.4.3.1 Data collection
Constant wavelength in-situ data were collected from the D20 experiment

with the assistance of Dr T. Hansen.

D20 is a high intensity powder diffractometer with a high count rate able to
perform real-time experiments and kinetic studies on very small samples. D20 is
equipped with an 3He gas detector (position sensitive detector, PSD) that covers an
angular range of 153.6 °. For the in-situ D20 experiment, 0.5 g of 7Li(''BD4)0.67Bro.33)
was loaded in a vanadium canister (8 mm id.), sealed with indium wire. The
preparation was carried out in a MBraun LabSTAR argon filled glovebox in the Gregory
laboratory. Data collection was performed at an intermediate resolution using a
germanium (113) monochromator to select a wavelength of 1.54 A (118 ° take off

angle). The sample was cooled under vacuum from room temperature to 2 K.

2.4.4 Data analysis: Rietveld refinement

Rietveld refinement is a technique for use in the characterisation of crystalline
materials from powder diffraction data using either X-rays or/and neutrons by
analysing the whole profile including background. Rietveld developed a method which
assigns a Gaussian shape for each peak and then allows the Gaussians to overlap so
that an overall line profile can be calculated. Firstly, a trial structure is used which
can be modified by changing the atomic positions. The structure can be refined until
a best-fit is obtained when the calculated and the observed data have to be almost
identical. The data in this project were analysed using Rietveld refinement as
implemented in the GSAS software package' via the EXPGUI interface' against

multiple data sets.?3 24

The Rietveld refinement method uses a least square approach to refine the
calculated profile until it matches with the observed profile, where Sy is the weighted
difference between the observed (yi) and calculated (ycac) diffraction patterns
(2.10).
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Sy :zwi[yi _y(:alc]2 (210)
The calculated intensities (2.11) are determined from the structures factors
(Fk), obtained from the crystallographic model by a summation of the calculated

contributions from neighbouring Bragg K« reflections, plus a background (b;):

Veate =5 ) Lic [P ?®(201 = 20K)Ped + iy 2.11)
K

where s is a scale factor, which depends on the quantity of irradiated sample present,
the intensity of the radiation and instrumental parameters; K represents a Bragg
reflection with Miller indices hkl; Lk contains Lorentz factors, polarization and other
multiplicity factors; ¢ is the reflection profile function, which can be Gaussian,
Lorentzian or a combination of both (pseudo-Voigt); 26; and 26« are the experimental
and calculated Bragg angles respectively; Pxis preferred orientation function; A is an

absorption factor; and y»i is the background intensity at the point i.

The structure factor, Fy, is given by (2.12):

N
Fy = z Nif; exp[ZT[(hxj + ky; + le)] eXp[_Mj] (2.12)
=1

where h, k, [ are the indices for the K" Bragg reflections; xj, yj, z; are the coordinates
for the “j” atom; and N; refers to the multiplicity in the atom occupation. For X-ray
data, the form factor, fj, relates to the number of the electrons when sin6/A = 0. In
neutron diffraction however, f;jis replaced by bj, the scattering length. The variation
between the scattering factors for X-rays and neutrons has been previously described

in 2.4.2 section. Furthermore, M;from equation can be expressed as (2.13) shows:

M; = 8m?uZsin? 6 /A (2.13)
where u2 is the root-mean-square thermal displacement of the jth atom parallel to

the diffraction vector.

The background intensity, y»i, can be modelled as a polynomial function in 26,
(2.14):
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Ybi = Lnlo an(26)" (2.14)

where Ny is the polynomial degree and a, the polynomial coefficient.

The reflection profile (¢) function in equation (2.11) is strongly determined by
the instrument used. The most widely used profile functions for peak shape fitting
that can be used are Gaussian (G) (2.15), Lorentzian (L) (2.16) and pseudo-Voigt (pV)
(2.17) functions:

1 (2.15)
6= B2 o (—41n2 (26, — 26,)2/H2)
= ex —41n i
Hk\/E p k k
2 (20; — 26)) (2.16)
pV=nL+ (1 -n)G (2.17)

In equation (2.17) G and L refer to the respective contributions to the peak
shape; n is the mixing parameter, which can be refined as a linear function of 26;

and Nq and Np are refinable parameters (2.18):

n = N, + Nz(20) (2.18)

The Gaussian function represents best the contributions from the experimental
factors. The Lorentzian function describes the broadening of the diffraction peaks
attributed to grain sizes in the crystallites. The peak shape of diffraction peaks can
be adjusted to a pseudo-Voigt function which is a compromise between the Gaussian
and Lorentzian equations. For the Gaussian and Lorentzian functions 26; and 26 are
the observable and calculated positions for the Kt Bragg peak; Hk is the full-width-
at-half-maximum (FWHM) of the K" Bragg reflection. The Hk of a Gaussian peak,
described by the Cagliotti function, has been shown to vary with the scattering angle
206« modelled as (2.19):

H=Utan?0 +Vtan6 + W (2.19)

where U, V and W are refinable parameters and are both instrument and sample

dependent.
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The crystallites can show a tendency to be aligned, causing a variation in the
intensity of the diffraction peaks. In order to correct these intensities the preferred
orientation function is used (2.20):

P, =[G, + (1 — G,) exp(—G,a})] (2.20)

where G7 and G; are refinable parameters; and ax is the angle between the presumed
cylindrical symmetry axis and the preferred orientation axis direction.

In order to guide the Rietveld refinement, the difference profile plot can be
followed (the fit of the calculated pattern compared with the observed data). The
quality of the refinement can also be followed numerically. This is done in terms of
the agreement indices or R values. These are: the R-weighted profile value (Rup,
(2.21)), R-expected (Re, (2.22)), R-profile (Rp, (2.23)), R-intensity (R, (2.24)), and R-
Bragg (Rs, (2.25)):

. ' o 5 1/2 _ 1/2
Rup = {Zl w;i[yi = Yeaicl } (2.21) R, = {M} (2.22)
2w )2 2w’
. — .2 - 2
Ry =22 ) R cxY
Yi ZIKL'
Ii — 1
R, = ZKZ%M (2.25)
Ki

where Ixi and I.qc are the observed and calculated Bragg intensities of the reflection
K: and N, P and C represent the number of observations, refined parameters and
constraints, respectively. From a mathematical point of view, Rwp is perhaps the
function that best represents the refinement process since the numerator of the
residual corresponds to the least squares function that is minimized in the refinement

process (2.10).

Ideally, the final Rwp should approach the statistically determined Re. Thus,
the ratio between the two (goodness-of-fit) should approach 1 (2.26). A value of 1.0
< ¥? < 1.5 is considered as satisfactory. If low values of y? are obtained then the

background signal will be significant.
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. (RR_VZD)z (2.26)

In order to fit the peaks obtained from the time-of-flight data, two different
sets of information are required. (1) The diffractometer constants are used to
calculate the time-of-flight positions of the Bragg reflections (space group
information can be determined); (2) the profile parameters which are used to

calculate the width of each of the Bragg reflections.

There are three different parameters in GSAS that can be refined for the
diffractometer constants: DIFC, DIFA and ZERO. These three parameters are related

to the time of flight, t, of a reflection to its d-spacing, d (2.27):

t = DIFCd + DIFAd? + ZERO (2.27)

DIFC relates the theoretical time-of-flight of a measured Bragg diffraction to

its d-spacing. The equation for DIFC can be obtained (2.28) by knowing the total flight

path, L, the scattering angle, 26, of a detector and using Bragg’s law (2.6) and De
Broglie relationship ((2.7) - (2.9))

2
DIFC = t/d = (Tm)LsinH (2.28)

where h is the Plank’s constant; m is the neutron mass; t is the time of flight; L is
the total flight path from moderator to sample to detector; d is the interplanar
distance; and 0 is half of the Bragg scattering angle (26). By applying the value of the
mass of a neutron and Plank’s constant, the following can be obtained (2.29), where

tisin ps, L isin m and d is in A:

, 1.977x1073 (2.29)
t =505.56Lsinfd or d=——t
Lsin@

Assuming that DIFA and ZERO are equal to 0 in (2.27), DIFC is given by equal to the
following formula (2.30):

DIFC = 505.56L sin 8 (2.30)
This parameter depends on each detector of each bank and therefore normally this

value remains fixed.
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The neutron absorption cross-section of an atom is wavelength dependent,
which means that in a time-of-flight diffraction measurement the short wavelength
(low ToF) neutrons will experience less absorption than the larger wavelength (higher
ToF) neutrons. The average penetration into the sample, the apparent total flight
path and the scattering angle, vary with the neutron wavelength. The observed time-
of-flight of the reflections can be different from the one obtained from DIFC,
especially at longer d-spacing (which are measured with longer wavelengths, where
the absorption is greater). DIFA introduces small corrections to the expected time-
of-flight of a reflection to allow for peak shifts due to the absorption in the sample.

Initially DIFA can be kept at 0.0 but after few cycles this parameter can be refined.

The parameter ZERO accounts for small differences between the various
timing signals in the ISIS accelerator and the instrument data acquisition system, and
also allows for the finite response times in the detector electronics. It is instrument

dependent and must remain fixed.

The profile parameters are used to calculate the widths of each of these Bragg
reflections and need to be refined. The peak shape is more complex than constant
wavelength experiments and must incorporate a description of the pulse wavelength
distribution. The pulse is modeled by back to back exponential funcitons to
reproduce the rapid rise in neutron counts as the fastest neutrons arrive followed by
a slower decay as the remainder of the pulse is detected. This back-to-back
exponential function must be convoluted with the Gaussian and Lorentzian terms
arising from the sample and instrumnet. The pseudo-Voigt function models the
effects of instrument design and detector geometry on the width of reflections, and
also any broadening due to the sample such as strain and particle size. The pseudo-
Voigt function is the linear combination of the Gaussian and Lorentzian function,

whose full widths at half maximum are parameterised in GSAS as follows.
Gaussian width, o (2.31):
0% =0 + otd?* + o7d* (2.31)

In GSAS these coefficient parameters are called sig-0, sig-1 and sig-2 respectively and

d in equation (2.31).
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Lorentzian width, y (2.32):

y2 =y, +y1d + y,d? (+ other terms associated with strain broadening) (2.32)

In GSAS these first three terms are called gam-0, gam-1 and gam-2.

Partial differentiation of the equation above (2.29) relating time-of-flight to
d-spacing shows that for a fixed detector the resolution is approximate closely to
Ad/d = constant. The width of a reflection is proportional to its d-spacing, i.e.
Ad/kd. Comparing this expression with the above parameterisations of the Gaussian
(2.31) and Lorentzian (2.32) widths it can be seen that the terms o, and y; both
describe linear relationships between peak width, Ad, and d-spacing ((2.33) and
(2.34)).

Ad? = 0% = 62d? (o, and o, = 0), therefore Ad/d =0, (2.33)

Ad =y =y,d (v, and y, = 0), therefore Ad/d =y (2.34)

In a structure refinement sig-1 and gam-1 could be refined.

However, in most samples there is likely to be some degree of particle size or
strain broadening. Particle size broadening has a d? dependence and thus is fitted by
the gam-2 parameter, whereas strain broadening has a linear dependence on d and

may be fitted by the gam-1 or sig-1 parameters.

The rise and decay coefficients for the two exponential functions are
described by the parameters alp, bet-0 and bet-1. During instrument calibration,
these parameters can be refined with care. During structure refinement they must

be kept constant.?>

Another crystallographic software package used was Jana2006.2¢ This software
focuses on the solution, refinement and interpretation of difficult modulated
structures. However structure solution can also be performed using the built-in

charge flipping algorithm or by using an external direct methods program.

GSAS was used for the structure refinement of 7Li('"BD4)o.67Bro.33 (chapter 3,
sections 3.3.8, 3.3.9 and 3.3.10), HP LiBH4 type materials (chapter 4, section
4.3.3.3), [Lil][NH3BH3] and [Lil][NH3BHs]. (chapter 5, section 5.4.3.5), and LilnBr4
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(chapter 6, section 6.2.5). Jana2006 was used for the structure solution of
[Lil][NH3BH3] and [Lil][NH3BH3]2 (chapter 5, section 5.4.3.4).

2.5 Spectroscopy techniques

2.5.1 Vibrational spectroscopies: IR and Raman techniques

Infrared and Raman spectroscopies are both concerned with the study of
molecular vibrations. Both techniques yield similar but complementary information
on the vibrational modes of a molecule. A vibrational mode is Raman active if the
polarizability of the molecule changes during the vibration, whereas a vibrational
mode is IR active if there is a change in the molecular dipole moment upon vibration
(Figure 2.5-1). The mechanism used for each technique is shown in Figure 2.5-2. IR
could have been used to analyse the synthesised samples however it was not possible
because the IR spectrometer was not equipped for air and moisture sensitive samples.

For more detailed accounts of the IR effect other references can be consulted.?’> 28
O—@——O O—@—O lO—.—Ol +O—@—CO+
«— — — —

a) Symmetric stretch b) Asymmetric stretch c) Bend (deformation) d) Bend (deformation)
IR inactive IR active IR active IR active

Figure 2.5-1. The vibrational modes of a linear molecule: Vibrations a) and b) are stretching
modes. Bending mode c¢) occurs in the plane of the paper, while d) occurs in a plane
perpendicular to that of the paper. The two modes require the same amount of energy and are
therefore degenerate.

lo(v) I(v)
IR —| Sample — >
Vo
Raman ——>| Sample

{ Vo * v (Raman scattering)
v (Rayleigh)

Figure 2.5-2 Mechanism of IR absorption and Raman scattering. In the IR technique, the
frequency of the incident radiation is varied and the quantity of radiation absorbed or transmitted
by the sampleis obtained. In the Raman technique, the sampleisilluminated with monochromatic
light, usually generated by a laser. Two types of scattered light are produced by the sample.
Rayleigh scatter emerges with exactly the same energy and wavelength as the incident light.
Raman scatter which is usually less intense than Rayleigh scatter, emerges at either longer or
shorter wavelength than the incident light.
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2.5.1.1 Raman spectroscopy

When radiation of a particular frequency, v, falls on a molecule some radiation
is scattered (Figure 2.5-2). The scattered radiation is of two types: (1) Rayleigh
scattering where the radiation frequency, vo, is equal to that of the incident radiation

and (2) Raman scattering involves radiation of frequencies vo + v (Figure 2.5-3).
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i Scattering
!
Scattering T \‘%
___________ i h'u'o h'v"g huwb h\,-’c ‘\\ h 'v".',fg
._.\
| . \
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Figure 2.5-3. Energy level diagram illustrating energy changes of different types of Raman
scattering.

hv + Ei = hU, + Ef (235)

h(v' —v) = E; — Ef = hAvg = hcATy (2.36)
where the shift in frequency is labelled Awkr and the shift in wavenumber is
labelledA?;. Notice that Raman spectroscopy is different from absortion or emission
spectroscopy in that the incident light does not need to coincide with a quantized
energy difference in the molecule, therefore any frequency of light can be used.
Since many final states, of both higher and lower energy than the initial state are

possible, many Raman spectral lines can be observed.?®

The frequency shifts seen in Raman experiments correspond to vibrational or
rotational energy differences, so this kind of spectroscopy gives us information on
the vibrational and rotational states of molecules. The Raman effect arises from the
induced polarization of scattering molecules that is caused by the electric vector of
the electromagnetic radiation. A dipole moment p is induced in the molecule by an
electric field E (2.37):

u=ak (2.37)
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where a is the polarizability. The polarizability has the units of dipole moment
divided by electric field strength, that is, C m/V m™!' = C2 m?/J.

The wavenumber (i;) is proportional to the frequency (v) and inversely

proportional to the wavelength (A):

g =v/c=1/2 (2.38)
where ¢ is the speed of light in vacuum. The Raman lines will appear at a certain
wavenumber (¥z), which is the result of the difference between the frequency of the

active vibration mode (v) and the laser used (v,), normalised with respect to c.

Ur = (v —1vy)/cC (2.39)
At the same time, the frequency of a certain vibration mode (v) depends on
the mass of the two atoms (m; and m;) involved in the active mode, and the force

constant of the bond (k) between those atoms. This relationship is expressed as

v~ \/E (2.40)
m

Whereby m is the reduced mass, calculated as:

follows:

mim,;
m = (mtmy) (2.41)
According to the Maxwell-Boltzman distribution, at room temperature most
atoms will reside in the lowest vibrational state; thus, the possibility that Stokes
scattering occurs is greater than that for anti-Stokes scattering. This translates to
Stokes intensities being increased by a factor of 100 with respect to the anti-Stokes

radiation and appears on the positive part of the abscissa.

Raman spectra were collected at room temperature using a Horiba-Jobin-Yvon
LabRam HR confocal microscope using a 532 nm laser and equipped with a 50 x
objective lens and a Synapse CCD detector. Typically, hole apertures of 50 and 100

um and 10-100 % of laser intensity were used.
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For the measurement, samples were placed in capillaries due to their air-
sensitive behaviour. Prior to each measurement, the instrument was calibrated and
a spectrum was collected over a period of several minutes from an average of

multiple scans at a range of 500 - 4000 cm'.

2.5.2 Raman spectroscopy of borohydride ions

Vibrational spectroscopy probes the degrees of vibrational freedom ((2.42) and
(2.43)). Using Cartesian axes a molecule has 3N degrees of freedom which describe
the translational, vibrational and rotational motion of each molecule. In general a
non linear molecule with N atoms has 3N - 6 normal modes of vibration (2.42),
whereas a linear molecule has 3N - 5 normal modes of vibration (2.43), because

rotation about its molecular axis cannot be observed.

non linear molecule = 3N — 6 (2.42)

linear molecule = 3N — 5 (2.43)

A tetrahedral molecule such as a free borohydride ion has a total of 3N-6 =9
vibrational modes. They are the v4 symmetric stretch (singly degenerate symmetry
mode denoted A), v, symmetric bend (doubly degenerate symmetry mode, E), v3
asymmetric stretch (triply degenerate symmetry mode, T2) and v4 asymmetric bend
(triply degenerate symmetry mode, T;). These vibrational modes are shown in Figure
2.5-4. Within crystal structures, the symmetry of the borohydride ion is dependent
on the symmetry elements of the site. The site symmetry of the borohydride ion will

determine the specific symmetry of each bond vibration.2% 30
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Figure 2.5-4 The vibrational modes of a tetrahedral molecule.?® %
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In LT - LiBH4, the borohydride ions are located on a mirror plane and hence
have the point group Cs. Then the reducible representation, Mn (M3n = 15E + 30n, for
LT - LiBH4), is obtained (representation of the total translational, rotational and
vibrational modes for the ion). The irreducible representation of '3y is calculated
from the character table (I'sn = 9A” + 6A” for LT - LiBH4), and so the translational,
rotational and vibrational modes are obtained. The allocation of quadratic terms such
as X2, y?, 72, xy, yz, xz in the point group character tables indicates that the modes
will be Raman active. The symmetries of the vibrational modes of a borohydride ion

with point group Csare vi=A’, vi= A’ + A”  v3=2A" + A”  v4=2A’ + A”. 30

2.6 Electron microscopy
Electron microscopy is used to study the structure, morphology, and crystallite
size, to examine defects and to determine the distribution of elements. Scanning

electron microscope was used for the characterisation of samples in this project.

2.6.1 Scanning electron microscopy

In this technique, an electron beam is produced by heating a tungsten
filament, which causes ionisation to occur. The released electrons are focused by
magnetic fields into a single beam in a high vacuum (the vacuum prevents interaction
of the beam with any extraneous particles in the atmosphere). The very short
wavelength of the electrons allows resolution and magnification down to 3.5 nm (50x
- 500x). Once the beam hits the sample, electrons and X-rays are ejected from the
sample. Detectors collect these X-rays, backscattered electrons, and secondary
electrons and convert them into a signal that is sent to a screen similar to a television

screen. This produces the final image.®
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Figure 2.6-1 Schematic of a typical SEM instrument.

Sometimes it is necessary for the samples to be coated with gold or graphite
in order to prevent charge building up on the surface which however in this work was
not necessary for LiBH4 samples. For this project the sample morphology as studied
using a Philips XL 30 ESEM operating with an accelerating voltage of 25 kV. An Oxford
Instruments X-act spectrometer was coupled to this microscope for energy dispersive
X-ray (EDX) analysis which provides elemental identification and quantitative
compositional information. The instrument is calibrated using the INCA EDX analysis
software (Cu was used for all calibration measurements) and the software also

allowed selection of regions for analysis and definition of measurement parameters.

The samples were ground with a mortar and pestle until a fine powder was
obtained. The powder was then dispersed on an adhesive carbon tab mounted onto
an aluminium stub in a glovebox. During loading of the carbon tab samples into the
SEM instrument, the samples are unavoidably exposed to air and hence rapid

manipulation is required. These results can be found in chapter 3 (section 3.3.4).
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2.7 'Li solid state nuclear magnetic resonance

’Li solid state NMR experiments were performed by Dr David C. Apperley in the
Department of Chemistry at the University of Durham. The measurements were
carried out using a Bruker Advance Il HD spectrometer operating at 155.52 MHz for
’Li. Spectra were obtained as a function of temperature using a quadrupolar echo
pulse sequence with a 60 s relaxation delay (unless otherwise stated), 1.3 pys pulses
(45° tip angle calibrated on a solution sample) with a delay of 20 ps between
them. Spectral referencing is with respect to a 1M aqueous solution of LiCl. Spin-
lattice relaxation time measurements were performed using a saturation-recovery

method.

2.8 Thermal analysis
Thermal analysis methods investigate the physical properties of solids as a
function of a change in temperature. They are useful for investigating phase

transitions, thermal stability, loss of mass, and for constructing phase diagrams.

Thermogravimetric analysis (TGA) is a technique which measures the change
in mass of a solid as a function of temperature and under a controlled atmosphere.
By comparing the heating rate of the sample to an inert standard under the same
thermal conditions differential thermal analysis (DTA) can give information on heat

capacities and latent heats of phase transitions.

A mass spectrometer (Hiden ANALYTICAL HPR20) is coupled to the
Simultaneous Thermal Analysis (STA) for evolved gas analysis (EGA). The mass
spectrometer ionises the evolved gases in a high vacuum and then accelerates these
ionised species towards a quadrupole analyser, which conducts these ions with a
particular mass to charge ratio (m/z) to the detector by altering the magnetic and
electric field. The spectrometer can either scan over a range of 0 - 300 amu or
monitor individual ions with specific m/z values of interest. This technique can be
useful to follow reactions where a weight loss is produced with an evolution of a
certain gas or mixtures of gases. In this project this technique was used to study the

thermal stability of the synthesised materials.
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Thermogravimetric-differential thermal analysis-mass spectrometry (TG-DTA-
MS) experiments were conducted under flowing argon (99.998 %, BOC) in a Netzsch
409 PC STA instrument coupled to a Hiden Analytical HPR 20 mass spectrometer. In a
typical experiment, between 5 and 10 mg of sample was loaded onto an alumina pan,
which was then heated from room temperature to 200 - 300 °C at 5°C min''. The
instrument was located inside a glove box with a controlled atmosphere (MBraun,
UNILAB and O; and H20 < 0.1 ppm). For EGA, any gas released during the reaction

was simultaneously monitored (e.g. N2, NH3, Hz, B2He and BsHgN3). 31> 32

2.9 Electrochemical impedance spectroscopy
The electrical resistance of a circuit element is the element’s ability to resist

the flow of electrical current defined by Ohm’s law (2.44):

v :
R=? (2.44)

where R is the resistance (in Ohms), V is the voltage (in Volts) and I is the current (in
Amperes). An ideal resistor will follows Ohm’s law at all current and voltage levels.
Voltage across and current through a resistor are in phase with each other when an
AC potential is applied. However resistance cannot be used for ionic conductivity
because the quantity is independent of frequency and therefore is independent of
time, and consequently impedance has to be used which depends on time. Like
resistance, impedance (Z) is the ability to resist the flow of electrical current and is
measured in Ohms. To measure the impedance of a system a sinusoidal AC potential
excitation is applied. The response to this potential is a sinusoid at the same

frequency but shifted in phase (Figure 2.9-1, (2.45)).

V, =V, sin(wt) (2.45)

Vi is the potential at time t, V;, is the amplitude of the signal, and w is the radial

frequency.
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Figure 2.9-1 Alternative current (AC) is a sinusoidal wave shape and has a frequency;
therefore both potential (E:) and current (I;) oscillate shifted in phase, ¢. %

The radial frequency, w (rad), is defined as in (2.46):

w = 2nf (2.46)

where f is frequency (Hz).
In a linear system, the intensity of the responsive wave I; (A) is shifted in phase
and has a different amplitude, Ip (2.47):

I; = I, sin(wt + ¢) (2.47)

Therefore the impedance can be defined as follows (2.48):

Ve Vpsin(wt) sin(wt) (2.48)
I, Isin(wt+ @) “sin(wt + @)

In order to represent the relative magnitude (Vo and lo) and phase (¢) of the
output (voltage) and input (current) signals complex numbers are used (from (2.49)

to (2.52)) where j used to represent (-1)"/2:

z =x+ jy (wherej = V-1) (2.49)

exp(j @) = cos@ +jsing (2.50)

V; =V, exp(jwt) (2.51)

I; = I, sin(jwt + @) = I, exp(jp) exp(jwt) (2.52)

The impedance can be represented as a complex number (from (2.53) to
(2.55)):

115



Ve V, exp(jwt) |74 (2.53)

Z(w) =—= - - = Zexp(—j
(@) I, Iyexp(jo)exp(jwt) I p(=j¢)
Z = |Z| cos(p) + j|Z]| sin(¢) (2.54)
Z = Real (Z) + Imaginary (Z) (2.55)

In basic linear circuits the following formulae are applied (from (2.56), to
(2.60)):

Resistor: V(t) = RI(t) (2.56)
Capacitor: Q) =CV(t) (2.57)
fl(t) dt =CV(t) (2.58)

RI40)
1) =c¢ i (2.59)
Inductors: V) = L% (2.60)

where R is resistance (Ohms), [ is current (A), Q is the charge (A s), V is the voltage

(V), I'is the inductance (H), and L is the length of the system (m).

If voltage and current are in phase there is no imaginary component and
therefore (2.61):

Z =R (2.61)

To calculate the impedance of a capacitor (from (2.62) to (2.65)):

R40) (2.62)
It)==C Tt
V: =V, exp(jwt) (2.63)
dv(t) . jwexp(ot) (2.64)
dt
I(t) = CV,jwexp(jwt) (2.65)
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Therefore:

Vo1 j (2.66)

I~ joC  aC

Ze =

Then a capacitor will be always frequency dependent (2.66).

The admittance, Y, is the ability to allow the current to flow throw the circuit and is

measured in Siemens. For a RC circuit Y is defined as follows (2.67):

1 2.67

where G is the conductance and B is the susceptance both in Siemens. In order to
avoid any complex component in the denominator of the fraction, the numerator and

the denominator are multiplied by the complex conjugate (from (2.68) to (2.72)):

1 1 wCpy 1 (2.68)
Y=77%r —j@>_R+mm
7 R (2.69)
"~ (1+jwR0)
_ R(1-jwRC) (2.70)
"~ (1 + w?R2C?)
_ (2.71)
RealZ) = T3 w2r2c?)
I . 7y = —wR?C (2.72)
maginary(Z) = 1+ w?R2CY)
Limiting cases are illustrated in Figure 2.9-2.
At the high frequency limit:
Re(Z) - 0 (2.73)
Imag(Z) - 0 (2.74)
At the low frequency limit:
Re(Z) - R (2.75)
Im(Z) -0 (2.76)
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This is a special case when

1 (2.77)

R R .
giving Re(Z) = ) and Imag(Z) = —3 (2.78)

(a) (b)

-ImZ

R/2
w -R/2

o

A z
\, 218
! ReZ

0 R 0 R

ReZ

Figure 2.9-2 (a) Nyquist or complex plane plot with the impedance vector indicated (b) Limiting
cases for impedance.

In order to understand the conductivity of a material firstly the system to be
studied (electrolyte, electrode, etc.) needs to be understood. Possible phenomena
in the sample to be measured need to be studied. In a polycrystalline electrolyte
system there are three possible components to the resistivity: the interfacial
resistance between the electrolyte and the electrodes, the bulk resistance of the

electrolyte and the grain boundary resistance.

The bulk resistivity depends solely on the nature of the electrolyte material
and the measurement temperature. However, the grain boundary resistivity is related

to the grain size and grain boundary structure.

In practice, it is important that the grain boundary resistance should be
minimised to obtain the highest conductivity of a polycrystalline electrolyte material.
Hence, in order to be able to reduce the grain boundary resistivity, the grain
boundary resistance first needs to be identified and then separated from the total

resistance of the material. The total resistance of a material can normally be
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measured using a DC technique, where a 4-probe arrangement is used to eliminate
the contribution of the interfacial resistance between the electrolyte and the
electrodes. However, in order to separate the grain boundary resistance from the

bulk resistance, the complex impedance technique is necessary.

In an AC field, a resistive material is usually regarded to possess, in addition
to a resistance, as an inductance and/or capacitance. It has been found that the
resistance and capacitance in parallel can be used to simulate the electrolyte
system.3437 For a parallel circuit formed by a simple resistance, R, and capacitance,
C, a semicircle is obtained when the imaginary part of the impedance is plotted
against the real part of the impedance (complex plane plot, Figure 2.9-2). The
diameter of the semicircle is equal to R and the term RC represents the time
constant, or relaxation time, of the circuit ((2.77) and (2.78)). Therefore, for an
electrolyte system, if the three semicircles which are formed from the three parallel
circuits can be separated in a complex plane plot, one can obtain the three individual
resistance values corresponding to interfacial, bulk and grain boundary phenomena
from the dimensions of the semicircles. However, in order to produce the separate
and discrete semicircles in a Nyquist plot, the time constants needs to differ by 3
orders of magnitude. In practice, the three values of the capacitance, C, are also
quite different from one another. The highest value is the interface capacitance
between the electrolyte and electrode, the second highest is the grain boundary

capacitance and bulk capacitance is the lowest.

2.9.1 Analysis data

A simple technique used for lithium ion electrolytes is semicircle fitting from
the complex plane plot to determine both the bulk and grain boundary resistances
and capacitances of the materials. The software package Zview was used for the
fitting of the complex plane plots. The fitting option in Zview is utilised for this
purpose, and bulk resistance (Rp) and capacitance (C») and grain boundary resistance
(Rep) and capacitance (Cg) are calculated using the following information: the high
frequency semicircle represents the bulk resistance; The mid-frequency semicircle
gives grain boundary resistance; and the low frequency semicircle (if present)

indicates the interface resistance between the electrolyte and the electrode.
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Similarly the resistance and the capacitance values at different temperatures
can be determined. Resistance data are extracted from the semicircles as a function
of temperature. Alternatively, a full fit of the data with a suitable equivalent circuit
can be attempted. Once the value of the resistance for each circuit is obtained, the

value of the conductivity can be extracted using (2.79) and (2.80).

_pL (2.79)
A

where R is the resistance, p is the resistivity, L the length (cm) and A the area of the

R

pellet (cm?).

(2.80)

D=

where ¢ is the conductivity (2.80).

For thermally activated processes such as ionic conduction an activation

energy can be derived from the Arrhenius relationship (2.81):

AH,, (2.81)
kpT

where or is conductivity in S cm™', A is the pre-exponential factor, AH,, is enthalpy

Inor =InA4 —

for conduction in J, kg is the Boltzmann constant, 1.38x10723 J K'', and T is absolute
temperature in K. When plotting In o7 versus 1/T, the slope from (2.81) is defined as

m = AH,,/ky and therefore the activation energy is express as it follows (2.82):

E,(eV) = AH,, = m - (1.38-10723) - 6.2410%8(eV) (2.82)

It is clear from the equation (2.81)), that in the electrolytes, the plot of In o,
vs. 1/T is linear, and the gradient is equal to the activation energy. Activation energy
(Eq) represents the ease of ion hopping and is directly correlated to the crystal
structure and openness of the conduction pathways. The majority of ionic solids have
densely packed crystal structures with narrow bottlenecks, lacking well-defined
conducing pathways. Consequently the activation energies for ion hopping are large
(usually 1 eV or greater) and conductivity values are low. In solid electrolytes, by
contrast, open conduction pathways exist and activation energies are much lower (as
low as 0.03 eV in Agl)."

120



2.9.2 Sample preparation

The transport properties of complex hydrides were investigated by AC
impedance spectroscopy using a Solartron SI 1260 frequency response analyser. The
experiments were performed by pressing samples of approximately 0.25 g under a
load of 7 tonnes to give a 13 mm diameter cylindrical pellet approximately 2 mm
thick. The pellets were attached to two platinum electrodes using platinum paste
and heated from room temperature to 413 K and in an atmosphere of dry N,. The
sample was mounted in a spring-loaded sample holder with platinum contacts and
data were collected from samples that had been equilibrated for at least 30 minutes.
AC impedance data were collected over the range of frequencies 1 < f < 10% Hz upon
heating the sample. Analysis of the data by circle fitting provided estimates for the
equivalent capacitance and resistance for the grain boundary and grain interior.
Resistance values were then used to determine the conductivities at the grain
boundary and in the grain interior and the corresponding activation energies for ionic
motion, (~1 eV for both).
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3. Structural analysis of the fast ionic and high temperature phase of

LiBH4 stabilised by anion substitution

3.1 Introduction
Lithium borohydride is used to a limited extent in organic synthesis as a
selective reducing agent for esters." This hydride can be synthesised from the
metathesis of sodium borohydride and lithium halides in isopropylamine under reflux
(equation (3.1)).2
NaBH, + LiCl — LiBH, + NaCl (3.1)
This material has been suggested as a candidate for hydrogen storage for
mobile applications as it has larger gravimetric and volumetric hydrogen density

(Table 3.1-1) compared to other alkali metal tetraborohydrides.? 4

Table 3.1-1 Physical properties for alkali metal tetraborohydrides.

Complex LiBH4 NaBH4 KBH4
M (g mol?) 21.78 37.83 53.94
Density (g cm™) 0.66 1.07 1.17
Hydrogen density (mass %) 18.36 10.57 7.42
Hydrogen density (kg m=) 122.5 113.1 87.1
Tm (°C) 268 505 585
AHY(kJ mol) -194 -191 -229

LiBH4 releases 13.8 mass % of H, by decomposition into LiH and B according to

the following reaction:

LiBH, — LiH + B + 3/2 H, (3.2)
The enthalpy and entropy for equation (3.2) are -103.4 kJ mol' and 150 J K"

mol™', respectively.®

Recently it was discovered that lithium borohydride can also be considered as
a solid state electrolyte.® Four LiBH4 phases are known, two at ambient and two at

high pressure (Figure 3.1-1).
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Figure 3.1-1 Pressure-Temperature phase diagram of LiBHa4.”

At ambient pressure the hydride can be found with orthorhombic (low
temperature phase, LT) and hexagonal (high temperature phase, HT) structures. In
the LT orthorhombic structure [space group Pnma, a = 7.17858(4), b = 4.43686(2), ¢
= 6.80321(4) A, V = 216.685(3) A3, Z = 4], each (BH«) anion is surrounded by four
lithium ions and each lithium atom is surrounded by four (BH4) anions. This
arrangement corresponds to distorted wurtzite type structure in which the
tetrahedral anions point along two orthogonal directions in an ordered fashion (Figure
3.1-2 (a)).® In comparison, the other alkali metal borohydrides (ABH4, A = Na, K, Rb,
Cs) crystallise with a cubic rock-salt type structure at room temperature where (BH4
) anions are octahedrally surrounded by cations.® 0 LT LiBH4 does not show high ionic
conductivity ca. 108 S cm™ and it has been the focus of recent studies to improve the
performance of LiBH4 for use as an electrolyte Li batteries. At 110 °C the hydride
undergoes a phase transition to a hexagonal structure [space group Pé6:mc, a =
4.27631(5), c = 6.94844(8) A, V = 110.041(4) A3, Z = 2] (Figure 3.1-1). The Li* ions and
BH4 anions remain tetrahedrally coordinated and the HT phase retains the wurtzite
type arrangement of the ions above the phase transition (Figure 3.1-2, (b)). During
the phase transition the structure contracts along the orthorhomic a direction
(hexagonal, c direction) and expands in the orthorhomic bc plane (hexagonal basal
phase).® The HT phase exhibits high ionic conductivity, about five orders of

magnitude higher than the LT phase. There are some reports in the literature
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regarding the stabilisation of this phase at room temperature. By the addition of
lithium halides it has been demonstrated that this material can be stabilised at room

temperature and in the process the conductivity can be enhanced.,'2,13

a) b)

Figure 3.1-2 Crystal structures of a) LT b) HT ¢) AT - LP and d) HP phases of LiBH4, respectively
(Li*ions are shown in red and BH4 in blue tetrahedra).

At room temperature and a pressure of 1.2 GPa (Figure 3.1-1), LiBH4 undergoes
a phase transition and becomes pseudo-tetragonal (space group Ama2, ambient
temperature - low pressure phase, AT - LP).”> ' 5 |t can be considered as an
orthorhombically distorted antistructure of PtS, where Li* ions are tetrahedrally
coordinated by BH4. anions and the BH4 anions adopt a totally new nearly square-
planar coordination to four Li* ions (Figure 3.1-2, (c)). This phase has not caused
much interest because the increase in ionic conductivity relative to the LT phase, is
only one order of magnitude at 6 GPa. Above 10 GPa LiBH4 undergoes a further phase

transition, forming a rock-salt type structure (space group Fm3m, high temperature
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- pressure phase, HP) (Figure 3.1-1). Li* ions and BH4 anions are octahedrally
coordinated (Figure 3.1-2, (d)).” This phase can show high ionic conductivity, about
four orders of magnitude higher than the LT phase, 103 S cm™ at 4 GPa. This phase
has resulted in a great deal of interest and some groups have tried to stabilise it at

room temperature (Figure 3.1-3).16
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Figure 3.1-3 a) Phase diagram of LiBH4 depending on the temperature and pressure (dots
represent where conductivity measurements were undertaken) and b) Conductivity of LiBH4
phases.®

The structure of the HT phase of LiBH4 contains considerable disorder in the
anion orientation and has been the subject of experimental and theoretical
studies. 1819 Several models and interpretations have been proposed to explain the
behaviour of the BH4 units in the fast Li* conducting material. Various degrees of
dynamic orientational disorder have been proposed from the 3-fold rotation of BH4
about a single B - H bond (possibly combined with occasional exchange between
rotationally disordered H atoms and the fixed H atom) to unconstrained, free rotation
of all H atoms to give an effectively spherical anion.? 21.2Z Attempts have been made
to stabilize the hexagonal phase at room temperature using anion substitution.
Partial anion replacement, by mechanical and thermal reaction with appropriate
halides, leads to the formation of the hexagonal structure analogous to the HT phase
of LiBH4.""1213 However, the HT phase substituted by bromide substitution has never

been isolated at room temperature as a single phase. This chapter will discuss two
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preparative methods that can produce phase pure samples of the fast ion conductive
phase with controlled molar ratios 0.29 < x < 0.50 in the series Li(BH4)1-xBrx. These
materials have been obtained by either extensively mechanically milling a mixture of
LiBH4 and LiBr or by combining a shortened milling with thermal treatment. These
data have been used to compile a phase diagram for the full compositional series
Li(BH4)1-xBrx. The discussion of a detailed structural model of the orientational

disorder of the BH4 anion in the fast Li* conducting hexagonal phase is discussed.
3.2 Experimental

3.2.1 Synthesis

The synthesis of the HT phase of LiBH4, stabilised by anion substitution, was
performed in a nitrogen atmosphere using a Retsch PM100 ball mill. Anhydrous LiBH4
(Sigma-Aldrich, >95%) and LiBr (Sigma-Aldrich, >99%) were obtained commercially
and used directly without further purification. Approximately 0.5 g LiBH4-LiBr
mixtures were mechanically milled. The ball milling was performed in periods of 2
min of milling interspersed by 2 min breaks to minimise heating of the samples. The
sample to ball ratio was 1:40 and both the vial and 10 mm diameter balls were made
from stainless steel. The agitation frequency was 500 rpm. The materials were
prepared by two different routes: (a) by mechanochemical milling for 24 h or (b)
milling for 4 h followed by heating the milled mixtures to 573 K for 5 - 24 h. The
longer annealing times were necessary to give a single phase product for higher

bromide concentrations (Table 3.2-1 and Table 3.2-2).

Table 3.2-1 Samples prepared by mechanochemical treatment (1 - 8).

Sample LiBH,4: LiBr Phases

1 4:1 LT — LiBH4, HT — LiBHa4, LiBr

2 3:1 LT — LiBH4, HT — LiBHa4, LiBr

3 2:1 HT — LiBHa, LiBr

4 1:1 HT — LiBHa, LiBr

5 1:2 HT — LiBHa, LiBr

6 1:3 HT — LiBHa, LiBr

7 2:1 ("Li(**BDa) : LiBr) HT — LiBHg4, LiBr (Sample for GEM experiment)
8 2:1("Li(**BD4) : LiBr)  HT — LiBHa, LiBr (Sample for D20 experiment)
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Table 3.2-2 Sample composition and preparation technique (9 - 17).

Sample | LiBH4: LiBr  Phases ’C\l:gmipnoaslition Preparation

9 3:1 LT — LiBH4, HT — LiBH4 Li(BH4)3/4Braa MTa, TTP

10 25:1 HT — LiBHa4 Li(BH4)s7Braiz MTa, TTP

11 2:1 HT — LiBHa4 Li(BH4)213Brus MT?a, TT¢

12 15:1 HT — LiBH4 Li(BH4)3/5Brass MT2, TTd

13 1:1 HT — LiBHa, LiBr Li(BH4)1/2Brus2 MTa, TT®

14 1:2 HT — LiBHa, LiBr Li(BH4)1/3Br2s3 MTa, TT¢

15 1:3 HT — LiBHa, LiBr Li(BH4)1/4Brssa MT?3, TTe

16 2:1 HT — LiBHa4 7Li(*'BDa4)213Brus MT2, TTe (GEM)
17 2:1 HT — LiBHa 7Li(**BDa)213Brus MT?, TTe (D20)

Conditions for the mechanochemical treatment (MT): a) 4h. Conditions for the thermal
treatment (TT): b) 573 K/5h, ¢) 573 K/10h and d) 573 K/15h, e) 573 K/20h, heating and cooling
ramp at 4 K min,

3.2.2 Characterisation

Powder X-ray diffraction data were obtained at room temperature with a
Bruker D8 Advance (8-26) diffractometer using Cu Ka radiation (A = 1.54056 A) and a
scanning step size of 0.017 ° 20 over the angular range 5-85 ° 20 for ca. 1 h. Phase
identification from the diffraction patterns was made by comparing to powder
patterns in the Inorganic Crystal Structure Database (ICSD) using PowderCell 2.4.23, 24
Crystallographic parameters were obtained using CELREF and CELL software packages

based on least squares refinement fitting.

Raman spectra were collected at room temperature in the range. Conditions

of the Raman experiments can be found in section 2.5.1.1.

Sample morphology and composition were studied using SEM (XL 30 ESEM,
Philips, 25 kV accelerating voltage) (section 2.6.1).

Thermal analysis was carried out using a NETZSCH STA 409PC coupled with a
HIDEN HPR20 mass spectrometer to determine the stability of the HT phase of LiBH4
at high temperatures in an inert atmosphere. Samples were heated in a silica pan

from room temperature to 573 K at 5 K min-'.

The sample for the neutron scattering experiment was isotopically enriched

with D, 7Li and "B to avoid problems with incoherent neutron scattering and
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absorption. Anhydrous ’Li''BD4 (Katchem, >99.8 % ’Li, >99.8 % "'B, >98% D) and LiBr
(Sigma-Aldrich, >99%) were obtained commercially and used directly without further
purification. Samples (1.0 g) were prepared by ball milling and thermal heating with
longer heating times being necessary due to the larger quantity of material being
prepared. Since the sample is air-sensitive, it was loaded into a sealed vanadium can

in an inert atmosphere glovebox before the experiment.

Time-of-flight powder neutron diffraction data were collected between 293-
573 K using the General Materials diffractometer, GEM, at the ISIS neutron source at
the Rutherford Appleton Laboratory in Oxfordshire (Table 3.2-3).2> Samples were
contained in vanadium cans with a diameter of 6 mm. Using a standard procedure,
the data from each of the instrument’s detector banks were corrected for absorption,
normalized to account for the incident neutron spectrum and detector efficiencies
and summed.?> The data were analysed using Rietveld refinement as implemented
in the GSAS software package?® via the EXPGUI interface?’ against multiple data sets.

Table 3.2-3 Summary of PND data collected from GEM at different temperatures (16a-16b) for
sample 16.

Sample 16a 16b

Temperature / K 293 393

Constant wavelength in-situ data were collected from the D20 instrument at
the "Institut Laue-Langevin" (ILL) in Grenoble. The sample was contained in a
vanadium can (6 mm id.), sealed with copper wire. The neutron diffraction sample
preparation was carried out in an MBraun argon filled glovebox. Data collection was
performed at high resolution (A = 1.54 A, 118 ° take-off angle and using a Ge (335)
monochromator) while the sample was cooled down under vacuum at temperatures
ranging from 300 to 2 K (Table 3.3-11).

Electrochemical impedance measurements were performed on cylindrical
sample pellets of 13 mm diameter and 1-2 mm thickness that had been formed by
pressing at room temperature under a load of 1 tonne for 20 min. A platinum paste
was applied to opposite faces of the pellet to make electrical contacts. Data were

collected on heating and the temperature of the system was allowed to equilibrate
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for at least 1 h before every data collection. Data were collected using a Solartron
1260 impedance analyser and were analysed using equivalent circuit analysis as
implemented in the ZView2 software package.

3.3 Results and discussion
3.3.1 Ball milling

3.3.1.1 Powder X-ray diffraction

Combinations of mechanical and thermal treatments were used for the
stabilisation of the HT - phase of LiBH4at room temperature. Figure 3.3-1 shows the
patterns from LiBH4 - LiBr mixtures milled with different molar ratios. Three different
phases are observed at a high content of LiBH4 (1 and 2), which correspond to LT -
LiBH4, HT - LiBH4 and LiBr phases. At higher content of LiBr (3 - 6) the LT - LiBH4
phase content is reduced and HT - LiBH4 and LiBr phases predominate. However if
the amount of LiBr is increased further the quantity of the HT - LiBH4 phase is

decreased and the formation of a cubic LiBr-type phase is preferred (Table 3.2-1).
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Figure 3.3-1Powder X-ray diffraction patterns of Li(BH.)1xBrx mixtures after ball-milling. (From
top to bottom in terms of LiBH4:LiBr ratio: 4:1 (1), 3:1 (2), 2:1 (3), 1:1 (4), 1:2 (5), 1:3 (6)).
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Raman spectroscopy was used to follow the transition between the LT and the
HT - LiBH4 phases. Raman spectroscopy is sensitive to the transition of LiBH4 from
orthorhombic to hexagonal via the characteristic B - H bending mode splitting at v, =
1282 cm™ and v2’ = 1297 cm™' in the lower symmetry structure.?28.29.30 Data from the
bromide-doped samples show that the intensity of the orthorhombic phase decreases

as the Br content increases (Figure 3.3-2 and Figure 3.3-3).
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Figure 3.3-2 Raman spectrum of HT — Li(BH4)1xBrx ball milled for 4 h AT 500 rpm.LiBH4 (v =
stretching, & = deformation: bending and torsional modes).
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Figure 3.3-3 Raman spectra of HT — Li(BH4)1-«Brx @) from 900 — 1500 cm™ b) from 2100 — 2500 cm-
! (v = stretching, & = deformation: bending and torsional modes).

131



3.3.2 Ball milling and thermal treatment
The milled mixtures were subsequently heated to 573 K for 5 - 24 h. The longer
annealing times were necessary to give a single phase product (HT - LiBH4 type) for

higher bromide concentrations (Table 3.2-2).

PXD was used to characterise the materials prepared. Inspection of the
diffraction patterns collected from samples across the compositional series showed
that all Bragg peaks could be indexed to one of three phases (Figure 3.3-4). At high
content of LiBH4 (9) LT - LiBH4 and HT- LiBH4 type phases can be indexed. The HT -
LiBH4 is isolated with a single phase of composition (10 - 13). At higher Br content
(15) the HT - LiBH4 is no longer observed and the cubic phase of LiBr increases (Figure
3.3-4).
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Figure 3.3-4 Powder X-ray diffraction patterns of Li(BHa4)1xBrx mixtures after ball-milling and
thermal treatment. (From top to bottom in terms of LiBH4:LiBr ratio: 3:1 (9), 2.5:1 (10), 2:1 (11),
1.5:1 (12), 1:1 (13), 1:2 (14), 1:3 (15)).
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Raman spectroscopy was used to identify and confirm the HT - LiBH4 type
phase. In Figure 3.3-5 the Raman spectrum of LT - LiBH4 is compared with that of HT
- LiBHa.
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Figure 3.3-5 Raman spectrum of HT — Li(BH4)23Bris and a comparison with the corresponding
spectrum of LT — LiBHa4 (v = stretching, 6 = deformation: bending and torsional modes).

3.3.3 Ball milling treatment only
Alternatively, the HT LiBH4 phase can be stabilised at room temperature using

only mechanochemical treatment at extended milling times (Table 3.3-1).

Table 3.3-1 Sample Li(BH4)23Bris milled for different times (18 - 22).

Sample Time (h) Phases

18 4 LT — LiBH4, HT — LiBHa4, LiBr
19 8 HT — LiBHa, LiBr

20 12 HT — LiBHa, LiBr

21 16 HT — LiBHa, LiBr

22 24 HT — LiBHa4

For samples with x = 0.33 using a shorter ball milling duration (18), LiBH4 -
LiBr mixture yielded three different phases: LT - LiBH4, HT - LiBH4 and LiBr. However
if the milling time was doubled, an LT - LiBH4 phase is not formed and an HT - LiBH4
type phase and LiBr are the products (19). In order to obtain a single phase of the HT
- LiBH4 type material, the mechanochemical reaction needs to be performed for at

least 3 times longer (22) (Figure 3.3-6).
133



7100

6400

5700

5000

4300

Intensity (arb. units)

3600

'l EEE Tl FREEE NS EE s N

2900

|

1500

800 (22) U iy

100 PP IPETEPE I IPIPETETS EPEFIPETE INEFSPITS IPEFEFARS IFIPIFETE IPEPIIFE IPEFEPITE AR AN T Nl M arifor e

26 (%)

Figure 3.3-6 Powder X-ray diffraction patterns of Li(BH4)23Br1s mixture (LiBH4:LiBr, 2:1) after ball-
milling for different periods of time. (From top to bottom in terms of ball milling time: 4 h (18),8 h
(19), 12 h (20), 16 h (21), 24 h (22)).

3.3.4 Scanning electron microscopy

Examination of the samples using scanning electron microscopy reveals
particle morphologies that bear little resemblance to those of either of the reagents
(LiBH4 and LiBr), large round microparticles. As noted above, Li(BH4)2/3Br1,3 can be
prepared either by extensive milling (22) or by a reduced period of milling followed
by thermal treatment (at 573 K) (11). Micrographs from samples prepared via these
2 routes revealed that milling only leads to well defined petal-like structures
agglomerated into discrete, relatively uniform and almost spherical aggregates. Each
sphere is in the region of 50 um in diameter. The effect of a combined milling and
thermal treatment is to give more homogenous, mono-dispersed particles as shown
in (Figure 3.3-7).
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Figure 3.3-7 SEM images from Li(BH.)23Brs prepared by: a) milling and thermal treatment; b), ¢)
and d) milling only.

3.3.5 Phase diagram of the LiBH4 — LiBr system

PXD was used to characterize the materials prepared by both the extended
milling and milling/heating routes. Inspection of the diffraction patterns collected
from samples across the compositional series showed that all Bragg peaks could be
indexed to one of three phases (Table 3.3-2).Lattice parameters and the cell volume

of each structure over five different regions were obtained.
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Table 3.3-2 Structural results from PXRD (23 - 33).

Sample Nominal Phases Phase Lattice Cell Volume, V / A3
compasition, X fractions parameters / A
23 0 (LiBH4) LT—LiBHa4 100 % a=7.17858(4) 216.685(3)
b = 4.43686(2)
c = 6.80321(4)
24 0.09 LT—LiBHa4 100 % a=7.152(8) 216.5(5)
b = 4.420(7)
c =6.856(1)
25 0.20 LT-LiBHs,  5.5(6) % a=7.15(1) 216.0(8)
b = 4.43(1)
c=6.81(1)
HT-LiBHs  94.54(7) %  a=4.2213(4) 105.00(2)
c = 6.8041(8)
26 0.25 LT-LiBHs, 5.7(8) % a=7.143(1) 215.76(6)
b = 4.4216(8)
c = 6.8313(8)
HT-LiBHs  94.26(6) % a=4.2156(1) 104.290(5)
c=6.7763(3)
27 0.29 HT—LiBH4 100 % a=4.2123(2) 103.90(1)
Cc =6.7613(4)
28 0.33 HT—LiBH4 100 % a =4.20656(2) 103.17(1)
c=6.7321(4)
29 0.40 HT-LiBHs 100 % a=4.20491(1) 102.967(3)
C = 6.7244(2)
30 0.50 HT-LiBHs 100 % a=4.19903(6) 102.967(3)
C = 6.7244(2)
31 0.67 HT-LiBHs, 24.8(1) % a=4.19550(7)  102.139(4)
€ =6.7003(1)
LiBr 75.2(3) % a = 5.4959(2) 166.01(2)
32 0.75 HT-LiBHs, 17.52(5)% a=4.1924(5) 101.99(2)
c =6.700(1)
LiBr 82.48(1) %  a=5.4959(2) 166.00(2)
33 1 (LiBr) LiBr 100 % a = 5.4942(9) 165.858(8)

In composition region |, for the most (BH4)-rich composition (0 < x < 0.20, 23

and 24) only on LT - LiBH4 type phase is observed. From x = 0.20 (region I, 25 and
26) two different phases are observed (LT - LiBHsand HT - LiBH4 type). Only the cell
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volume for the HT - LiBH4 phase was calculated because the diffraction peaks of LT -
LiBH4 were too weak in intensity to be index accurately. However at 0.29 < x < 0.50
(region lll, 27 - 30) HT - LiBH4 type phases can be isolated at room temperature as
single phases. If the amount of bromide is increased further, the cubic LiBr co-exist
(region IV, 31 and 32), finally in region V (33) LiBr is obtained as a single phase.
Although from the compositions discovered in region IV, we believe that LiBr is not a
line phase (Li(Br,BH4) exists with the LiBr structure), the precise position of the phase
boundary (IV-V) is yet to be determined. For each of the orthorhombic, hexagonal
and cubic phases (regions |, Ill, V) there is a progressive decrease in the cell volume

as the Br- content is increased.
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Figure 3.3-8 Structure field map manifested as the respective unit cell volumes as a function of
LiBr mole fraction in Li(BH4)1xBrx. I-V represent the distinct phase regions within compositional
space. Black squares denote the LT orthorhombic LiBH4 structure (top-left y axis); open circles
denote the HT hexagonal LiBH, structure (bottom-left y axis); black triangles denote the cubic
LiBr (NaCl-type) structure (right y axis).

3.3.6 Thermal stability

The thermal stability of one single composition that was only ball milled was
studied, Li(BH4)2/3Br1/3(3). Sample 3 was heated from room temperature to 573 K at
5 K min' and it was held at this temperature for 2 h. After milling three different

phases were observed for 3 which correspond to the LT - LiBH4, HT - LiBH4 and LiBr
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type phases. As soon as the sample is heated at 368(1) K an endothermic event occurs.
This originates from the transformation of LT - LiBH4 to HT - LiBH4. This material did
not show a melting transition or any weight change below 573 K and therefore is
stable up to this temperature.
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Figure 3.3-9 TG-DTA profile of milled Li(BH4)23Br1y3 on heating from room temperature to 573 K.
The temperature is indicated by the dotted line.

3.3.7 Electrochemical impedance spectroscopy

Impedance data analysed in the complex plane showed the semicircle at high
frequencies and the linear response at low frequencies characteristic of ionic
conductivity and ion blocking electrodes. At lower temperatures two semicircles
were observed, suggesting intra- and inter-grain transport could be resolved.
However, the high frequency semicircle moved out of the measurement range at
higher temperatures and so the data were analysed using an equivalent electrical
circuit to extract the values for the total resistivity of the material (Figure 3.3-10
and Figure 3.3-11). As shown in Figure 3.3-12, the mixed borohydrides demonstrate
conductivities of ca. 10 S cm™ at 313 K, two orders of magnitude higher than the
orthorhombic phase of LiBH4.6 At 413 K the lithium ionic conductivity is ca. 104 S cm-
1

. The activation energies for these materials vary in the range of 0.52(2) - 0.64(1)

eV (Table 3.3-3). The x = 1/3 material was prepared both by extended milling and
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milling/thermal routes. The latter method notably led to a higher value of
conductivity.
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Figure 3.3-10 Impedance data collected from Li(BH4)23Brys (MT/TT) (11) (a) at room temperature
and (b) at 140 °C (right side). The data can be fitted using equivalent circuits as shown.
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Figure 3.3-11 Impedance data collected from Li(BHa4)23Brus (MT) (24) (a) at room temperature and
(b) at 140 °C (right side). The data can be fitted using equivalent circuits as shown.
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Figure 3.3-12 Plot of conductivity as a function of temperature for Li(BH4)wxBrx on heating.
Compound x = 1/3 was prepared by either mechanochemical and thermal treatment (MT/TT) or
by MT.
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Table 3.3-3 Electrochemical Impedance measurements.

Nominal composition Opc/Scm?  ou-c/Scm?t  Activation energy / eV

Li(BHa)s7Br27 3.65 x 107 7.41 x 10 0.64(1)
Li(BHa)2sBrus 2.35 x 107 4.03 x 10° 0.61(1)
Li(BHa)35Bras 9.42 x 108 1.70 x 105 0.63(1)
Li(BHa)12Br12 6.65 x 108 4.33 x 10° 0.52(2)
Li(BHa)25Brus (MT) 5.83 x 108 3.70 x 106 0.52(1)

3.3.8 Powder neutron diffraction at room temperature

Although it was possible to identify the presence of single-phase samples of
hexagonal material from the PXD data, it was not possible to gather substantial
insight into the structure of the phases due to the dominance of the X-ray scattering
by the relatively heavy bromide ion. We therefore undertook powder neutron
diffraction experiments in order to elucidate the structural chemistry that underpins
the fast ionic conducting hexagonal phase further. For this purpose a single

composition, Li(BHa4)2/3Br1/3 was studied in detail as a function of temperature.

High quality PND data were collected from isotopically enriched Li(BH4)2/3Br1/3
at room temperature. One existing structural model of the hexagonal phase of LiBH4
comprises of a fully-ordered array of (BH4)™ tetrahedral anions and Li* cations.® Our
interpretation of the neutron diffraction data from Li(BH4)2/3Br1,3 therefore began by
attempting to fit this structural model to our data using a randomly disordered
arrangement of bromide and (BH4)" anions with Br and B occupying the same 2b site
(2/3, 1/3, z; where z = 0.2) in the lattice. This failed to give a satisfactory fit to the
data and a Fourier search of the asymmetric unit showed a second scattering centre
close to that occupied by the boron and bromine ions. Attempts to refine occupancies
on both the sites simultaneously against neutron diffraction data alone were
unsuccessful in producing a stable refinement. Therefore laboratory X-ray diffraction
data were incorporated into a multiple histogram refinement (Figure 3.3-13). This
exploited the strong scattering of X-rays by the bromide anion to give an unambiguous
and robust identification of the bromide position and site occupancy. From this point
on, our analysis of structure proceeded simultaneously against neutron and X-ray

diffraction data sets.
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The deuterium atoms were initially assumed to be located on the vertices of
a distorted boron-centred tetrahedron with one crystallographically unique atom and
the other three related by a threefold rotation about the z direction.?' No constraint
was imposed on the ratio of BH4 to bromide; the refinement was able to proceed
freely to select the anion ratio which best modelled the data. The ratio was fixed
once the refinement was stable. With the deuterium atoms thus placed, and their
fractional occupancies constrained to be the same as the boron atom, the structure
was again refined and a Fourier map used to identify deficiencies in the model. This
map showed positive scattering density to be present around the crystallographically
unique deuterium atom occupying the 2b site, (2/3, 1/3, z; with z = 0.4), and thus
suggested that the deuterium arrangement around the boron anion was heavily
positionally-disordered in a manner which can be described as a pseudo-reflection in
the xy plane containing the boron atom. The deuterium atoms in the complex anion
were distributed around a single boron atom in a manner yielding two distorted
tetrahedra; one tetrahedron aligned with an apical B - H bond parallel to the c-axis
pointing “up” and conversely one aligned diametrically oppositely (pointing “down”).
Attempts to construct a model with two separate boron centres were unsuccessful
with the discrete boron atoms converging to one position. The overall fractional
occupancy of the deuterium atoms was fixed such that the atoms refined as part of
one of the tetrahedral units and the total deuterium content matched the

stoichiometry demanded by the (BH4) anions.

Attempted refinement of anisotropic displacement parameters revealed an
exceptionally elongated scattering centre manifested by Li*.2° Due to the extreme
non-physicality of this distribution we elected to refine the lithium in an isotropic
manner. In order to mimic the anisotropic scattering two lithium sites were
introduced leading to a stable refinement.?>3' The thermal displacement parameters
of the boron and bromine atoms were constrained to the same single value, and
likewise all the deuterium and lithium atoms were required to take the same Uiso
value, respectively. We note that the space group Pé:mc is non-centrosymmetric and
so it is necessary to define the z coordinate of one of the atoms in the structural

model in order to fix the origin for the c-parameter (Figure 3.3-14).
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Figure 3.3-13 Rietveld profile fits for (a) PXD data and high-resolution neutron powder diffraction
data collected from (b) bank 4 (50° < 20 < 74°) and (c) bank 5 (79° < 20 < 106°)2° (of the GEM
diffractometer for "Li(**BDa4)23Brys at 293 K (16a). Observed data are shown as dots, the calculated
pattern as a solid line and the difference profile as a solid line at the bottom of the plot. Vertical
bars represent the reflection positions for the phase.
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Figure 3.3-14 Crystal structure models of "Li(**BD4)213Br13 (16a) with a polyhedral representation
of the BDs anion and showing: (a) a single Li site with displacement parameters refined
anisotropically; (b) two partially occupied Li positions with isotropic displacement parameters;.
(D atoms are omitted; Ellipsoids at 50 % probability level). Lithium, boron and bromie are
represented as yellow, black and blue spheres. The BD. is represented in light blue.

3.3.9 Powder neutron diffraction experiments at 393 - 573 K

Further neutron diffraction datasets were rapidly collected on heating up to
573 K. The count statistics of these data sets were poorer as a consequence of the
procedure and so full structural refinement was not attempted. Nevertheless, the
same structural model gave good fits to these data and showed a linear evolution in
the lattice parameter with temperature (Figure 3.3-15), indicative of a
straightforward thermal expansion with no anomalous structural effects. An
additional data set was collected at 393 K with the same counting statistics as the
room temperature data. Again these data could be fitted in a similar manner,
although it is noteworthy that it was not possible to obtain a stable refinement as
the positions of all the deuterium atoms were allowed to vary simultaneously.
Inspection of the diffraction patterns collected at 393 K show a considerable
reduction in the overall Bragg scattering intensities. This would further suggest that
at higher temperatures the structure displays an even higher level of disorder,
consistent with motion of the complex anions and diffusion of the lithium cations (for

example, as manifested in the thermal displacement parameters).
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Figure 3.3-16 Rietveld profile fits for (a) GEM detector bank 4 and (b) GEM detector bank 5 for
"Li(*'*BD4)213Brus (16b) using high-resolution neutron powder diffraction data at 393 K. Measured
data are shown as dots, the calculated profile is shown by a solid line through the measured
data. The difference profile is shown along the bottom of the plot. Vertical bars represent the
reflection positions for the phase.
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Table 3.3-4 Selected

diffraction data.

Space group

P6smc (no. 186)

P6smc (no. 186)

Sample number

Sample temperature / K

Lattice parameter

alA
cl/A

vV /A3

Obs., parameters

pr
Rp

XZ

16a

293

4.19622(7)
6.7070(2)
102.277(4)
6591, 61
0.0194
0.0883

2.821

16b

393

4.2234(3)
6.7433(4)
104.169(5)
1931, 55
0.0123
0.0102

1.567

refinement parameters for 7Li(**BD4)23Brus (16) from neutron powder

Table 3.3-5 Atomic parameters for 'Li(*'BDa)23Brus (16a) from neutron powder diffraction data at

293 K.

Atom  Wyck. X y z Frac. occupation U*100 / A2
Li1 2b 2/3 1/3 0.626(8) 0.19(1) 4.4(2)

Li2 2b 2/3 1/3 0.801615 0.81(1) 4.4(2)

ug 2b 2/3 1/3 0.226(2) 0.617 1.58(6)

Br 2b 2/3 1/3 0.180(2) 0.383 1.58(6)

D1 2b 2/3 1/3 0.029(3) 0.481(2) 7.5(2)

D2 6c 0.8195(5) 0.1805(6) 0.268(2) 0.481(1) 7.5(2)

D3 6¢c 0.541(2)  0.082(3)  0.088(3) 0.136(2) 7.5(2)

D4 2b 2/3 1/3 0.398(6) 0.136(2) 7.5(2)
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Table 3.3-6 Atomic parameters for "Li(**BD4)2;3Brus (16b) from neutron powder diffraction data at

393 K.
Atom  Wyck. x y z Frac. occupation U*100 / A2
Lil 2b 2/3 1/3 0.60(1) 0.22(1) 4.2(5)
Li2 2b 2/3 1/3 0.789465 0.78(1) 4.2(5)
g 2b 2/3 1/3 0.226(2) 0.617 3.1(2)
Br 2b 2/3 1/3 0.179(2) 0.383 3.1(2)
D1 2b 2/3 1/3 0.02833 0.469(3) 7.4(3)
D2 6¢c 0.817(1) 0.182(1) 0.262(2) 0.469(3) 7.4(3)
D3 6¢ 0.548766 0.097535 0.086807 0.147(3) 7.4(3)
D4 2b 2/3 1/3 0.399(8) 0.147(3) 7.4(3)

Table 3.3-7 Selected bond angles for "Li(**BDa)23Br13 (16a) from neutron powder diffraction data

at 293 K.

Bond angle/°®

Bond angle/ °

D1-B-D2

D3-B-D4

B-Li1-B

B-Li1-D2

B-Li1-D2

B-Li1-D2

B-Li1-D3

B-Li1-D3

B-Li1-D4

B-Li1-Br

B-Li1-Br

B-Li-Li2

104.4(3)
135.5(4)
113.2(13)
27.09(24)
128.9(23)
86.1(10)
121.3(5)
25.2(11)
105.5(15)
115.9(10)
6.95(21)

74.5(15)

D2-Li-D3

D2-Li-D4

D2-Li-Br

D2-Li-Br

D3-Li-D3

D3-Li-Li2

D3-Li-Br

D3-Li-D4

D4-Li-Li2

D4-Li-Br

Li2-Li-Br

Li2-Li-Br

145.6(17)
95.6(9)
114.4(15)
30.51(20)
117.2(14)
99.7(26)
120.82(4)
80.3(26)
180
98.5(15)
180

81.5(15)
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Table 3.3-8 Selected interatomic distances for ’Li(*!BD4)23Briz (16a) from neutron powder
diffraction data at 293 K.

Bond length / A Bond length / A

Li1-B 2.68(7) Li2—B 2.475(3)
Lil-Br 2.45(1) Li2—Br 2.54(1)
Li1-D1 2.51(2) Li2—-D1 1.53(2)
Lil-D4 2.53(7) Li2—D4 2.50(1)
Li1-Li2 1.18(6) B-D2 1.147(5)
B-Br 0.31(1) B-D3 1.30(1)
B-D1 1.32(1) B-D4 1.15(3)

Table 3.3-9 Selected bond angles for "Li(*'BD4)213Brus (16b) from neutron powder diffraction data
at 393 K.

Bond angle/° Bond angle/°

D1-B-D2 102.3(6) Lil-Li2—-D2 84.998(0)
D3-B-D4 137.5 (5) Lil-Li2—-Br 180
Br-Lil-Br 101.742(1) Lil-Li2—Br 73.071(1)
Br-Li1-D3 120.218(0) Lil-Li2—-D3 156.734(1)
Br-Li1-D3 16.001(1) B-Li2—B 117.104(0)
Br-Lil-D4 107.742(1) B—Li2-Br 99.926(1)
Br-Lil-Li2 78.253(1) B-Li2-Br 114.905(1)
D3-Li1-D3 119.454(0) D2-Li2-D3 74.287(2)
D3-Li1-Li2 94.253(0) D2-Li2-D3 43.262(1)
D3-Li1-D4 85.741(0) D2-Li2-D1 95.010(0)
D4-Li1-Li2 180 Br-Li2-D1 106.939(1)
Lil-Li2-B1 80.083(1) Br-Li2-D3 117.158(0)
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Table 3.3-10 Selected interatomic distances for 7Li(*'BD4)23Brys (16b) from neutron powder
diffraction data at 393 K.

Bond length / A Bond length / A
Lil-B 2.55(1) Li2—B 2.475(4)
Li1-Br 2.49(2) Li2-Br 2.549(7)
Lil-D1 2.49(2) Li2-D1 1.61(2)
Li1-D4 1.4(2) Li2-D4 2.64(7)
Lil-Li2 1.25(9) B-D2 1.131(9)
B-Br 0.31(2) B-D3 1.28(1)
B-D1 1.33(2) B-D4 1.16(5)

3.3.10 Constant wavelength powder neutron diffraction experiments at low

temperature

Data were collected on D20, ILL, Grenoble, between 2-300 K from an
isotopically enriched sample of 7Li("'BD4)2/3Bri;3 (17) (Table 3.3-11). Data were
analysed by Rietveld refinement with the intention of investigating whether the
highly conducting hexagonal polymorph could be stabilised to sub-ambient
temperatures or if, like the LiBH4 parent, it undergoes a structural transition to a
fully ordered, lower symmetry polymorph.” It was anticipated that these data would
give insight into the behaviour of the borohydride systems, and more generally about
the role of ‘paddlewheel’ versus ‘percolation’ mechanisms for Li* transport within
complex anion lattices." Thus, collecting neutron diffraction data below room
temperature serves two purposes. First it should be possible to identify any
crystallographic transition to a lower symmetry structure driven by the ordering of
the BD4 units. This would be analogous to the P63cm to Pnma transition observed in
LiBH4 at higher temperature. Second, lower temperatures would decrease the
thermal motions of the atoms making it easier to resolve the orientation of the BH4

units.
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The high counting efficiency of D20 is necessary to achieve meaningful signal-
to-noise ratios such that the weak Bragg peaks at a high angle can be resolved and
thus should be possible to separate the effects of positional disorder vs those from

thermal motions.

Table 3.3-11 Selected refinement parameters for “Li(**BDa4)23Br13 (17a-17e) from neutron powder
diffraction D20 data from ILL.

Space group P6smc (no. 186)
Sample number 17a 17b 17¢c 17d 17e
Sample temperature /K 300 (PXD and D20) 150 50 10 2

Lattice parameter

alA 4.19421(5) 4.1643(2) 4.1574(2) 4.1567(2) 4.1565(2)
c/A 6.7067(1) 6.686(1)  6.670(1) 6.6675(9) 6.668(1)
V/A3 102.174(2) 100.41(2)  99.84(2)  99.77(2)  99.76(2)
Obs., parameters 8753, 33 2539,20  2529,18 253519 2529, 19
Rwp 0.0303 0.0251 0.0267 0.0275 0.0268
Rp 0.0338 0.0157 0.0170 0.0181 0.0172
X 23.57 54.49 61.88 36.11 60.95
3.3.10.1 Results at room temperature

High quality PND data were collected from isotopically enriched Li(BH4)2/3Br1/3
initially at room temperature (A = 1.54 A). Our interpretation of the neutron
diffraction data from Li(BH4)2/3Br1/3 therefore began by attempting to fit a structural
model to our data using a randomly disordered arrangement of bromide and (BH4)
anions with Br and B occupying different 2b site (2/3, 1/3, z; where z = 0.2) in the
lattice. Our aim was to obtain an initial model consistent with that derived from GEM
and so following the same procedure as for PND data from GEM, Laboratory X-ray
diffraction data were incorporated into a multiple histogram refinement with neutron
data. Again, this exploited the strong scattering of X-rays by the bromide anion to
give an unambiguous and robust identification of the bromide position and site
occupancy. These results showed that B and Br atoms were separated = 0.010 A from

each other (see Appendix A).
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Table 3.3-12 Aromic parameters for “Li(**BDa4)23Brys (17a) for neutron powder diffraction data at
300 K.

Atom  Wyck. x y z Frac. occupation  U*100/ A2
Lil 2b 2/3 1/3 0.70(1) 0.3(2) 0.2(2)

Li2 2b 2/3 1/3 0.752(7) 0.7(2) 0.2(2)

ug 2b 2/3 1/3 0.124(2) 0.562 6.17(7)

Br 2b 2/3 1/3 0.125(3) 0.438 6.17(7)

D1 2b 2/3 1/3 0.9349 0.399(2) 5.8(1)

D2 6¢c 0.8265(5) 0.1734(5) 0.184(1) 0.399(2) 5.8(1)

D3 6¢c 0.546(1)  0.092(3)  0.033(2) 0.163(2) 5.8(1)

D4 2b 2/3 1/3 0.3031 0.163(2) 5.8(2)

Table 3.3-13 Complete bond angles “Li(*'BD4)213Brus (17a) neutron powder diffraction data at 300
K.

Bond angle/ °

D1-B-D2 109.3(7)

D3-B-D4 124.7(9)

Table 3.3-14 Complete bond lengths "Li(**BD4)213Bri3 (17a) neutron powder diffraction data at 300
K.

Bond length / A Bond length / A

Li1-B 2.485(19) Li2-B 2.49(5)

Li1-Br 2.485(16) Li2—Br 2.567(13)
Li1-D1 1.53(8) Li2-D1 1.23(5)

Li1-D4 2.506(21) Li2-D4 2.445(7)
Lil-Li2 0.31(4) B-D2 1.231(6)
B—Br 0.010(34) B-D3 1.068(14)
B-D1 1.266(15) B-D4 1.203(15)

The same steps followed for the refinement of data collected at GEM were
used for D20 data: no constraint was imposed on the ratio of BH4 to bromide (the
refinement was able to proceed freely to select the anion ratio which best modelled
the data) and the ratio was fixed once the refinement was stable. The deuterium

atoms in the complex anion were distributed around a single boron atom in a manner
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yielding two distorted tetrahedral, and the overall fractional occupancy of the
deuterium atoms was fixed such units that the atoms refined as part of one of the
tetrahedral units and the total deuterium content matched the stoichiometry

demanded by the (BH4) anions.

The thermal displacement parameters of the boron and bromine atoms were
constrained to the same single value, and likewise all the deuterium and lithium
atoms were required to take the same Uiso value, respectively. It was again necessary
to define the z coordinate of one of the atoms in the structural model in order to fix

the origin for the c-parameter.

Firstly, the boron and bromide positions and their thermal displacements were
refined. Then the deuterium positions were allowed to move with the new B/Br
localisation. Afterwards the D fractions were refined. Once the borohydride unit
adopted a stable position, Li* ion sites and their fractional occupancies were allowed
to refine freely. The lithium occupancies were constrained to be the same as the

total of amount of boron and bromide (Figure 3.3-17).

The structural data obtained at room temperature from GEM (16a) and D20
(17a) are shown in Table 3.3-4 and Table 3.3-11, respectively. The samples analysed
were synthesised following the same procedure but the final composition was slightly
different. Sample 16a and 17a contained Li(BH4)o.617Bro.3s3 and Li(BH4)o.562Bro.43s,
respectively. The Li1-Li2 distances are 1.25(9) and 0.31(4) A with a 78 % and 70 % in
Li1 site for 16a and 17a, respectively. B-Br bond distances are 0.31(2) and 0.010(34)
A for 16a and 17a, respectively. These differences in interatomic distances can be
due to the slightly difference in BH4/Br content. This can be reflected in the lattice
parameters of both samples, for 16a are slightly larger than for 17a (a = 4.19622(7)
and c = 6.7070(2) A; a = 4.19421(5) and c = 6.7067(1) A, respectively). Apart from
these differences, both data agree with the structural model where a randomly
disordered arrangement of bromide and (BH4)" is observed facing “up” and “down”.
Two lithium sites were introduced in D20 leading to a stable refinement as for GEM
data.
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Figure 3.3-17 Rietveld profile fits for (a) PXD data and high-resolution neutron powder diffraction
data collected from (b) D20 from “Li(*'BD4)23Briz at 300 K (17a). Measured data are shown as
dots, the calculated profile is shown by a solid line through the measured data. The difference
profile is shown along the bottom of the plot. Vertical bars represent the reflection positions for
the phase.

3.3.10.2 Results at low temperature (300 — 2 K)

The same model used at room temperature was initally considered in order to
perform the structural analysis of the 7Li(""BD4)o.67Bro.33 at 150 K (Figure 3.3-18, from
Table 3.3-15 - Table 3.3-17). At 150 K, Br and B appear to exchange positions (Figure
3.3-19, (a)).
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Figure 3.3-18 Rietveld profile fits for high-resolution neutron powder diffraction data collected
from D20 from “Li(**BD4)213Brys at 150 K (17b). Measured data are shown as dots, the calculated
profile is shown by a solid line through the measured data. The difference profile is shown along
the bottom of the plot. Vertical bars represent the reflection positions for the phase.

Table 3.3-15 Atomic parameters for "Li(*!BDa4)23Brusz (17b) from neutron powder diffraction data at

150 K.
Atom  Wyck. X y z Frac. occupation U*100 / A2
Li1 2b 2/3 1/3 0.502(7) 0.45(2) 0.5(2)
Li2 2b 2/3 1/3 0.620(5) 0.55(2) 0.5(2)
ug 2b 2/3 1/3 0.082(2) 0.562 2.8(1)
Br 2b 2/3 1/3 0.010(4) 0.438 2.8(1)
D1 2b 2/3 1/3 0.9349 0.387(6) 6.3(2)
D2 6¢c 0.819(1)  0.181(1)  0.096(4) 0.387(6) 6.3(2)
D3 6¢c 0.547(3)  0.094(6)  0.920(5) 0.175(6) 6.3(2)
D4 2b 2/3 1/3 0.2831 0.175(6) 6.3(2)

Table 3.3-16 Complete bond angles "Li(**BD4)23Brus (17b) neutron powder diffraction data at 150

K.

Bond angle/ °

D1-B-D2

D3-B-D4

94.7(7)

141.5(10)
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Table 3.3-17 Complete bond lengths "Li(*!BD4)213Br13 (17b) neutron powder diffraction data at 150

K.

Bond length / A

Bond length / A

Li1-B

Li1-Br

Lil-D1

Lil-D4

Lil-Li2

B-Br

2.462(9)
3.30(4)
2.446(9)
1.47(5)
0.786(28)
0.484(17)

0.983(15)

Li2-B

Li2—Br

Li2-D1

Li2-D4

2.4177(27)
2.605(27)
2.105(14)
2.253(31)

1.101(9)
1.387(21)

1.345(15)

The same model used at 150 K was considered in order to perform the

structural analysis of the sample from 50 - 2 K. At 50 K (from Table 3.3-18 - Table

3.3-26, see Appendix A for OCD plots), the Br and B atoms aproximately maintain the

same positions as at 150 K (Figure 3.3-19, (a)). Lithium however, now occupies a

single site in the cell, close to the Li2 position at 150 K (Figure 3.3-19, (c)) and

maintains the single site down to 2 K.

Table 3.3-18 Atomic parameters for "Li(**BDa4)23Brys (17¢) from neutron powder diffraction data at

50 K.
Atom  Wyck. x y z Frac. occupation  U*100/ A2
Lilt 2b 2/3 1/3 0.594(2) 1.000 1.1(2)
up 2b 2/3 1/3 0.115(2) 0.562 2.7(1)
Br 2b 2/3 1/3 0.021(3) 0.438 2.7(1)
D1 2b 2/3 1/3 0.9700 0.383(5) 4.8(2)
D2 6c 0.820(1)  0.180(1)  0.120(2) 0.383(5) 4.8(2)
D3 6c 0.546(3)  0.091(5)  0.9546 0.179(5) 4.8(2)
D4 2b 2/3 1/3 0.3014 0.179(5) 4.8(2)
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Table 3.3-19 Complete bond angles “Li(**BD4)23Bry3 (17¢) neutron powder diffraction data at 50

K.

Bond angle/°®

D1-B-D2

D3-B-D4

91.6(6)

140.9(8)

Table 3.3-20 Complete bond lengths “Li(**BD4)23Brus (17¢) neutron powder diffraction data at 50

K.

Bond length / A

Bond length / A

Li1-B

Lil-Br

Lil-D1

Lil-D4

2.4044(8)
2.843(17)
2.540(4)
1.955(14)

0.633(14)

B-D1

B-D2

B-D3

B-D4

0.970(13)
1.105(8)
1.383(19)

1.240(13)

Table 3.3-21 Atomic parameters for "Li(*!BD4)23Brus (17d) from neutron powder diffraction data at

10 K.
Atom  Wyck. X y z Frac. occupation U*100/ A2
Li1 2b 2/3 1/3 0.597(2) 1.000 1.4(2)
ug 2b 2/3 1/3 0.111(2) 0.562 1.8(1)
Br 2b 2/3 1/3 0.016(3) 0.438 1.8(1)
D1 2b 2/3 1/3 0.9700 0.385(6) 5.1(2)
D2 6c 0.816(1)  0.184(1)  0.116(3) 0.385(6) 5.1(2)
D3 6¢c 0.546(3)  0.091(5)  0.950(4) 0.177(6) 5.1(2)
D4 2b 2/3 1/3 0.3014 0.177(6) 5.1(2)

Table 3.3-22 Complete bond angles “Li(**BD4)23Br13 (17d) neutron powder diffraction data at 10

K.

Bond angle/ °

D1-B-D2

D3-B-D4

92.0(7)

141.0(8)
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Table 3.3-23 Complete bond lengths “Li(**BDa4)23Br13 (17d) neutron powder diffraction data at 10

K.

Bond length / A

Bond length / A

Li1-B

Li1-Br

Lil-D1

Lil-D4

B-Br

2.4016(6)
2.792(17)
2.546(5)
1.973(16)

0.632(14)

B-D1

B-D2

B-D3

B-D4

0.939(14)
1.079(8)
1.384(21)

1.271(14)

Table 3.3-24 Atomic parameters for “Li(**BD4)23Bry3 (17€) from neutron powder diffraction data at

2 K.
Atom  Wyck. X y ya Frac. occupation U*100 / A2
Li1 2b 213 1/3 0.600(2) 1.000 1.8(2)
up 2b 213 1/3 0.110(2) 0.562 1.7(1)
Br 2b 213 1/3 0.017(3) 0.438 1.7(1)
D1 2b 213 1/3 0.9700 0.384(5) 5.1(2)
D2 6¢c 0.817(1)  0.183(1)  0.116(3) 0.384(5) 5.1(2)
D3 6¢c 0.545(3)  0.091(5)  0.946(4) 0.178(5) 5.1(2)
D4 2b 2/3 1/3 0.3014 0.178(5) 5.1(2)

Table 3.3-25 Complete bond angles "Li(**BD4)23Bris (17€) neutron powder diffraction data at 2 K.

Bond angle/ °

D1-B-D2

D3-B-D4

92.3(6)

141.4(8)

Table 3.3-26 Complete bond lengths “Li(*'BD4)23Br1/3 (17€) neutron powder diffraction data at 2 K.
Bond length / A

Bond length / A

Lil-B

Lil-Br

Lil-D1

Lil-D4

B—Br

2.4006(4)
2.780(16)
2.552(6)
1.993(16)

0.618(14)

0.933(13)
1.087(8)
1.398(19)

1.277(13)
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3.3.10.3 Data on cooling from room temperature to 2 K
Figure 3.3-20 shows the data obtained from D20 in ILL.
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Figure 3.3-20 Powder neutron diffraction patterns for 7Li(**BD4)1xBrx on cooling from room

temperature to 2 K as collected on D20 at ILL (17a-17e) from 20 = (a) 33.2-68.9 ° (b) 63.9 — 107.2
®and (c) 100.5-151.0 °.
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When the sample was cooled from room temperature to 270 K, it was observed
that the intensities of some of the reflections increased and diminished respectively
(Figure 3.3-20 and Appendix A). This observation was taken into account preparing

structural analysis as the observation implied structural changes.

Figure 3.3-21 shows the variation of the unit cell parameters on cooling. It is
noticeable that the a parameter decreases much more sharply than c. The ¢

parameter contracts linearly between 300 - 50 K.

3.3.11 Discussion

The reaction between lithium borohydride and lithium bromide can be driven
by either mechanically grinding materials together for 24 h, or more readily by a 4 h
mechanical treatment followed by heating at 573 K. PXD analysis before and after
the TG-DTA examination of the heating stage of the MT/TT synthesis procedure (for
example, for Li(BH4)2/3Bri/3 as discussed above) shows that the initial 4h grinding
process causes a partial reaction between the LiBr and LiBH4. This gives a combination
of an almost negligible quantity of the orthorhombic (LT-LiBHs-type) phase and
predominantly a hexagonal (HT-LiBH4-type) and cubic (LiBr-type) phase. The
temperature of the endothermic transition from the orthorhombic to hexagonal phase
is reduced strongly indicating that bromide has been incorporated into the
borohydride structure over 4 h of milling. Both a steady decrease in the proportion
of the LiBr-phase and a reduction in the cell parameters of the hexagonal phase can
be observed on increasing the milling duration or as a result of subsequent heating.
The process can thus be completed to give a single phase material either by further
extended milling (24 h) or by subsequent heating to 573 K after initial milling (4 h).
Although we used intermittent grinding and rest periods to try and avoid excessive
heat generation due to mechanical friction, we note that ball milling is often
associated with very significant localized temperatures.3? The degree of heating will
of course depend on the heat capacities of the reagents and products involved as
well as the coefficients of friction, hardness and toughness, but it should be noted
that the relatively modest temperature of 573 K necessary to afford a chemical
reaction thermally is significantly lower than what may be achieved by milling. For
example, in the case of LazM07030, ball milling affords a phase which would otherwise

only be stabilised by heating at temperatures above 1033 K.33
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Although powder X-ray diffraction results indicate that the materials produced
by either mixed mechanochemical/thermal or extended mechanochemical
treatments are identical, their morphologies differ very substantially. The
mechanochemical/thermal treatment affords regularly shaped particles of broadly
cubic symmetry measuring approximately 1 pm across. Extended mechanochemical
treatment, however, gives larger particles which appear to be aggregated into
spheres around a central point. The observations of these petal-like structures have
been made in other chemical systems where the presence of solvent is an essential
condition to achieve flower-like growth.3* Although the reaction described herein is
between two solids to afford a solid final product, it should be noted that a eutectic
mixture could readily form between the reagents. The localised heating during
milling may deliver a sufficient quantity of liquid phase to initiate a mechanism of
growth analogous to that seen in solution phase chemistry(the melting points of LiBH4

and LiBr are 541 and 823 K, respectively).?3>

Syntheses and X-ray diffraction analysis has provided a structure-composition
map for the LiBH4-LiBr system. The end members of the system are orthorhombic and
face-centred cubic respectively, whereas our data demonstrate that intermediate
compositions crystallise with the hexagonal structure of the HT phase of LiBH4. Two-
phase regions have been identified close to the orthorhombic-hexagonal and
hexagonal-cubic phase boundaries (i.e. regions Il and IV). It should be noted that
adjustment of the heating conditions and cooling rates may be able to slightly
increase the compositional limits of the single phases. Nevertheless our data show a
number of interesting points in this compositional system which has hitherto been

underappreciated.

Significant incorporation of the bromide anion into the LiBH4 structure can be
achieved within the orthorhombic structure. This substantial solubility means that it
is necessary to introduce ca. 25% bromide into the structure before the hexagonal
polymorph is stabilised at room temperature as a single phase. This hexagonal
structure is stable for a wide range of anion compositions; a single phase exists from
0.29 < x =< 0.50. Interestingly, however, although a threshold value of bromide
substitution is required to stabilise the higher Li* ion conducting HT phase, beyond

this composition point subsequent bromide substitution only serves to reduce the
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ionic conductivity. One can assume that this is associated with the concomitant
contraction of the hexagonal unit cell and a less open migration pathway for Li* ions
to diffuse.

For higher bromide concentrations, the face centred (NaCl-type) cubic
structure, familiar from the LiBr phase, is present in growing quantities as x
increases. The variation in lattice parameters of the cubic phase for different
reaction compositions suggests that the cubic material is not present as a line phase
of composition LiBr; the incorporation of borohydride into the fcc lattice appears to
be non-negligible.

Detailed inspection of the lattice parameters shows that significant changes in
the unit cell volume occur with an increase in Br- anion content of the overall reaction
mixture. Where we have two-phase mixtures it is not possible to assigh compositions
unambiguously to each of them. Nevertheless, inspection of the unit cell volumes for
various reaction mixtures shows smooth evolutions in the lattice parameters implying
substantial dissolution of both anions into all three structures. For each of the three
structures (orthorhombic, hexagonal and cubic), incorporation of the bromide anion
with a radius of 1.96 A in place of the larger borohydride anion radius of 2.05 A gives

the anticipated reduction in the unit cell volume.3®

The high symmetry unit cell of Li(BDa4)2/3Bri/3 contains considerable
occupational and positional disorder. Similar disorder has been observed in the
hexagonal phase of LiBH4 itself, which is stable above 383 K.?'"» 37, 38 Nonetheless,
Rietveld refinement against the neutron data was able to identify a narrow
distribution of B-D distances in Li(BDa4)2/3Bri/3 (1.147(5) - 1.32(1) A at 293 K). Our
analysis of the mixed anion compound shows that the presence of Br- and BH4 within
the structure leads to lithium bromide distances of 2.45(1) A and 2.55(1) A,
respectively. Consideration of the BH4 and Br- species shows that the two anions are
displaced up and down the c-axis from the normal plane containing the borohydride
anions in HT-LiBH4 to sites which are separated by 0.31(1) A in the z-direction. This
displacement is mainly exhibited by the BH4 units leading to a B...Li separation of
only 2.476(3) and 2.68(7) A (Table 3.3-4 - Table 3.3-10).
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The best fits to the diffraction data were obtained when the lithium ions were
distributed over two tetrahedral (2/3, 1/3, z) sites; the position with z = 0.8 and that
with z = 0.6. The former position is the one that has been previously identified as
occupied in the HT-LiBH4 structure,?% 38 39 but in the model refined here, this 2b site
is 80 % occupied.4% 4! Interestingly, the location and distribution of the lithuim ions
is almost identical to that of the cations in another Wurtzite-related compound, -
Cul.#> ¥ The Cu* ions in B-Cul exhibit a complex diffusion mechanism involving
movement of the cations through the edges of the surrounding tetrahedral “cages”
formed by I".# The structural similarities suggest that the disorder and diffusion of
the Li* and Cu* ions in the respective borohydride and iodide fast ion conducting
phases have a very similar origin and alludes to analogous diffusion pathways with a
basis that may be essentially anion-independent. Nevertheless, the presence of
complex ions in (HT-)Li(BH4)1-xBrx necessitates anion orientations that facilitate the

anticipated Li* diffusion process, given the observed high values of conductivity.

The orientation of the tetrahedral BH4 units is of crucial interest in
understanding the lithium ion mobility through the structure. Considerable effort has
been expended on examining the ionic transport behaviour of undoped LiBHa4,
although due to the presence of disorder and the challenges of identifying hydrogen
atom positions there remains a considerable degree of uncertainty in this. 20- 21,22 Qur
data could only be satisfactorily modelled by incorporating a distribution of
deuterium atoms such that the tetrahedra were composed of two units centred on
the same boron atom but with an inverted deuterium distribution. Although there is
significant scatter in the B-D distances the observation of this inversion is robust and
can be usefully compared with models of disorder that have been proposed from
other techniques and calculations.'® 193" |t should be noted that the understanding
of the behaviour of this anion is complicated considerably by the conflict between
the trigonal symmetry of the crystallographic site and the tetrahedral symmetry

expected for BH4.

Various analyses have suggested that the dynamic disorder associated with the
BH4 anion arises from rotation about the three-fold molecular axis, or by complete

spherical motion of the atoms around the boron centre. 22221221 Qur data show that
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neither of these descriptors provides a complete picture. Whilst there is disorder
around the trigonal axis, the data clearly identified well-localised atoms, and
attempts to delocalize them to other positions give a halo of scattering density which
degraded the quality of fit and refinements failed to stabilise. Likewise, it was
necessary to introduce an inverted distribution of deuterium atoms, but again these
refined to specific positions and did not exhibit the instability that would be expected
if the atoms occupying the unconstrained x, y, z coordinates of the 6c¢ general position
were free to move around points on a spherical scattering surface. A previous
detailed study of the Raman spectra of HT - LiBH4 suggested two thermally activated
reorientations of the BH4 unit, with both rotation about the trigonal axis and a higher
energy exchange being accessible.® Any assignment must remain tentative, but our
structural data are most compatible with such a model. It is important to point out
that no restraints were placed on the anion symmetry during refinement (nor for

example, were rigid body constraints applied).

Diffraction data collected on heating of the material showed that the key
features of the crystalline structure are retained up to at least 573 K. Due to the
diminishing Bragg scattering (and increase in diffuse scattering) from the sample at
elevated temperatures it was necessary to introduce additional constraints to the
structural refinement and so it was not possible to assign the disorder with complete
confidence to either thermal motion or the static effects introduced by occupational
disorder in the Br- and BH4 sublattice.*> The interplay of static and dynamic disorder
should become clearer with a detailed study of structure as a function of both
temperature and composition within each of the phase regions in the LiBH4 - LiBr

system.

Diffraction data collected on cooling the material showed that the key features
of the crystalline structure are retained down to at least 220 K. At 150 K, B and Br
atoms appear to exchange positions. At < 150 K, the positional disorder of the lithium
atoms is removed and therefore lithium only occupies one site in the structure. No
crystallographic transition to a lower symmetry structure was observed on cooling to
2 K. Consequently [BD4] units do not exhibit any disordering at low and high
temperature up to 393 K.
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3.4 Conclusions

The hexagonal phase of LiBH4 has been stabilised and isolated at room
temperature by anion substitution over a compositional range Li(BH4)1-xBrx (0.29 < x
< 0.50). Fast lithium ion conductivity is retained in these phases, although the value
of the total conductivity is reduced as the bromide content increases above x = 2/7.
There is considerable disorder in both the position and orientation of the anions in
this structure leading to highly anisotropic thermal motion for lithium. The Br- and
BHs anions are displaced by a distance of 0.31 A from each other in the
crystallographic model with the latter exhibiting orientational disorder which can
only be satisfactorily modelled using an inversion of the deuterium atoms. This
implies substantial rotation of the BH4 units although not the free spherical rotation
which has been observed in other complex anion fast ion conductors. Analysis of the
Bragg scattering up to 573 K shows that the material retains the hexagonal structure,
although the reduced intensity of the Bragg reflections does suggest increasing
disorder (loss of long range order) in the material with heating. Data collected at low
temperatures (from 300 - 2 K) revealed that the HT - LiBH4 type phase for
Li(BH4)2/3Br1/31s stable down to 2 K. The borohydride unit was found to preserve the
two borohydride units facing “up” and “down” at low temperatures. At 150 K B and
Br interchange sites. When the temperature is decreased to below 150 K the lithium

atoms are no longer disordered.
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4. Stabilisation of the fast ionic and high pressure phase (HP) of

LiBH4 stabilised by mixed cation —anion substitution

4.1 Introduction

During the last decades discussion has been focused on the identification of
the high pressure phases of LiBH4 at room temperature and ambient pressure.'“ Due
to experimental limitations incorrect assignments were proposed for high pressure
LiBH4 phases.”™ In 2002, synchrotron radiation studies confirmed that only two
different high pressure structures of LiBH4 existed, the ambient temperature - low
pressure and the high pressure phases (AT - LP and HP, respectively) (Figure 4.1-1,
(b) and (c)). By only applying pressure, the low temperature (LT) LiBH4 (Pnma, at
ambient pressure and temperature, Figure 4.1-1 (a)) undergoes a phase transition at
1.2 GPa® and becomes the AT - LP LiBH4 phase (crystal system Ama2, Figure 4.1-1
(b)). The second phase transformation occurs at 10 GPa to form HP - LiBH4 (crystal
system Fm3m, Figure 4.1-1 (c)).® However the AT - LP and HP phases coexist at the
same pressures up to at least 18 GPa (Figure 4.1-2). The complete transition to the
HP - LiBH4 can be rapidly achieved by heating to 500 K at about 10 GPa.” In contrast
to HP phase, the AT - LP phase can be quenched to ambient pressure, although this
phase is unstable above 190 K.8 HP - LiBH4 has a cubic structure with a disordered
arrangement of BH4 anions (a-NaBH4-type)® 10, with a = 5.109(2) A at 18.1 GPa.”

a) Laa% b)

Figure 4.1-1 Crystal structures of the LiBH4 phases observed at 0-18 GPa at ambient
temperature.” Coordination environment of the BHa tetrahedra by Li atoms is highlighted.
a) Tetrahedral coordination in the LT —phase. b) Square-planar coordination in the AT — LP phase.
¢) Octahedral coordination in the HP — phase.
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Figure 4.1-2 Variation of the volume of the LiBH4 formula unit in the three phases at ambient
temperature. The circles represent experimental data. Vertical lines represent phase transitions.”

After these polymorphs were discovered, there was significant interest in their
ionic conductivity."-'# In 2011, Takamura et al. measured the ionic conductivity of
these phases. HP - LiBH4, with the rock-salt structure, was expected to be ionically
conductive due to the fact that it possesses an identical crystal structure to that of
a-Lil, which showed high ionic conductivity.!” Indeed, conductivity measurements
showed that the AT - LP and HP - LiBH4 had a total ionic conductivity of 1.3 x 104and
7.6 x 104 S cm™ at 453 and 493 K (under 4 GPa), respectively.'

These conductivity measurements are encouraging, however high
temperatures and pressures need to be applied. Ideally, as it was mentioned in the
introduction, the perfect solid state electrolyte should show ionic conductivities in
the range of 1 - 103 S cm™' at ambient conditions. Therefore, some strategies are
required to stabilise the high pressure phases of LiBH4 at room temperature and

ambient pressure.

In this chapter three different strategies were attempted to obtain HT - LiBH4
which are shown in Table 4.1-1. These three different methods will be explained

below.
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Table 4.1-1 Tree different strategies used in this chapter.

Strategy Reactions

Method 1 | LiBH4 + NaBH4

Method 2 | LiBH4+ NaBr

Method 3 | 3 - a Synthesis of the precursor, HT — LiBHa:
(1-x)LiBH4 + xLiX* - Li(BHa)1xX’x (X’ =Br or I")

3 - b Synthesis of the HP — LiBHa4:

(1'y)Li(BH4)l—XX,x + yNaBH4 d Li(l—y)Nay(BH4)1—x+xyX’x(1—y)

As was mentioned in chapter 3 anion substitution in LT - LiBH4 can improve
conductivity by 3 orders of magnitude. The best performance was obtained by
replacing [BH4]" with the larger anion, I'."> In the literature, it has been suggested
that larger cations than Li* could also improve the conductivity forming borohydrides
such as Li1xAxBH4, where A = Na* or K*. These results proposed better performance
with K* than Na*, as it was observed that as with halides, the bigger the dopant ion
the better the conductivity acquired.'®?2 S. Orimo et al. discovered that anion
substitution triggers the stabilisation of the high temperature phase (HT - LiBH4)."
23, 24 Bernstein et al. also suggested that NaBH4 or KBH4 would stabilise the HT -
LiBH4."® In this chapter this strategy will be applied (Method 1). NaBH4 would be
mixed with LiBH4. Our hypothesis is that NaBH4 would behave as a host for Li*, Li*
would occupy some of the Na* sites because Li* possesses a smaller ionic radii. (Figure
4.1-3). NaBH4 at ambient conditions presents the same structure as the HP - LiBH4 at
18 GPa. Following Method 1, a mixed cation (Li-Na) borohydride would be obtained
but we predict that this material will crystallise with the high pressure phase of LiBH4
at ambient conditions and not with the HT - LiBH4 structure, as Bernstein et al.
predicted (Figure 4.1-3)."® In fact, in 2014, Takamura et al. demonstrated that the
stabilization of HP - LiBH4 could be performed by cation and anion substitution in
borohydride. A mixture of Kl and LiBH4 in different molar ratios were synthesised.
LiBH4 was incorporated in the cubic rock-salt type structure of Kl to surprisingly form
the HP form of LiBH4 under ambient pressure and achieving lithium ion conductivities
of ca. 8 x10*S cm™ at 423 K for 3KI-LiBH4.'
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HP - LiBH,

>4 GPa and >200°C
Cubic structure

Fm-3m

Room temperature
Cubic structure

Fm-3m

LiBH,— NaBH,

Room temperature
Cubic structure

Fm-3m

Figure 4.1-3 Proposed mechanism for cation substitution in LiBH4 using NaBH4 (Method 1).

Table 4.1-2 Known phases of mixed cation light metal borohydrides and their crystallographic

characteristics?> 26

Compound Space alA b/A c/A Bl° Ref.
group
LiK(BHa)2 Pnma 7.91337(5) 4.479067(3) 13.8440(1) 27
NaK (BHa)2 R3 4.615(2) 22.39(2) 28
LiSc(BHa)» PA2c 6.07593(6) 12.0338(1) 29
NaSc(BHa)a Cmem 8.170(2) 11.875(3) 9.018(2) 30
KSc(BHa)s Pnma 11.856(5)  7.800(3) 10.126(6) 31
LiZn2(BHa)s Cmca 8.6244(3)  17.8970(8)  15.4114(8) 32
NaZn2(BHa)s P2i/c 9.397(2) 16.635(3) 9.136(2) 112.66(2) *
NaZn2(BHa)s P2i/c 8.2714(16)  4.5240(7) 18.757(3)  101.69(1) *
AlsLia(BHa)1s P-43n 11.3640(3) 33
LisMgZns(BHa)1s | P63s/mem 15.371(3) 8.586(2) 34
LisMnZns(BHa)1s P63s/mcm 15.391(3) 8.590(2) 34
NaYb(BH.)s Cmem 8.438(4) 12.057(6) 9.057(4) 3
KYb(BHa)s Cmem 8.434(1) 12.445(2) 9.6449(15) 3
KHO(BHa)a Cmem 8.501(2) 12.493(3) 9.643(3) 3
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Table 4.1-2 shows the known phases of mixed cation compounds containing at
least one alkali metal hydride. However only one stable mixed alkali borohydride has
been found; LiK(BH4)2. The results reported from this compound showed that the
material cannot be obtained as a single phase, LiBH4 and KBH4 are still present in the
final compound.?’ A metastable mixed alkali hydride NaK(BH4): has also been
reported?® , but after 14 hours this reverted back to the stable starting materials,
NaBHs and KBH4.22 Another possible mixed alkali hydride is LiNa(BH4)2, however
nothing has yet been reported about this compound but it has been predicted to be
isomorphous with HT - LiBH4.7> 16-18

Table 4.1-3 Known phases of mixed cation — anion light metal borohydrides and their
crystallographic characteristics.

Compound Space alA b/A cl/A B/° Ref.
group
(LiBH4)x(K1)1x Fm3m * 14
LiLa(BHa)sCl 123m 11.7955(1) 57,38
LiCe(BH.)sCl 123m 11.6243(1) 3
LiPr(BHJ)sCl 123m 11.5784(1) 40
LiNd(BHa)sCl 123m 11.5480(2) 40
LiGd(BHa)sCl 123m 11.5627(1) 38
NaAl(BHa)xClax Pmn2: 7.9001(4) 7.0033(3)  6.4888(3) a1
NaY (BHa)1.55C] 2.42
P2/c 6.6649(4) 8.2058(5) 6.8109(4)  89.959(8) 2L
(at 230 °C)
KZn(BH4)Cl, P21/m 7.6948(7) 5.7668(4) 6.8930(6)  98.37(1)
Rb,Li[Y(BHa)sxClx] | Fm3m 11.1271(9) 42
CsaLi[Y(BH4)e-<Clx] | Fm3m 11.126(3) 42

*Not reported
Another strategy reported to promote H; release and to tune the

thermodynamics of the thermal decomposition of solid borohydrides is to substitute
both cation and anions in borohydrides. Table 4.1-3 shows all the mixed cation-anion
borohydrides reported so far which contain at least one alkali metal. Mixed cation-
anion rare earth borohydrides have been the most well-known and studied in the last

decade. Apart from Eu, the remainder of rare earth borohydrides (mixed cation,
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mixed cation-anion or just the borohydride itself) have been identified.36 40 43, 44 The
ionic conductivity for some of these have been reported (LiM(BH4)3Cl, where M = La,
Ce, Gd). lonic conductivities of 2.3 x 104, 7 x 10 and 3.5 x 10 S cm™" were found
at 293 K for LiLa(BH4)3Cl, LiCe(BH4)3Cl and LiGd(BH4);Cl, respectively.37-3

We will use the fcc structure of NaBr to try and stabilise the high pressure
phase of LiBH4 at ambient pressure. This is based on the approach of Takamura et

al." who demonstrated that Kl could behave as a host for LiBH4 (Figure 4.1-4).

HP - LiBH, NaBr LiBH, - NaBr

>4 GPa and >200°C Room temperature Room temperature
Cubic structure Cubic structure Cubic structure
Fm-3m Fm-3m Fm-3m

Figure 4.1-4 Proposed mechanism for cation substitution in LiBH4 using NaBr (Method 2).

On the other hand, another strategy would be to form the mixed anion
borohydride (LiBH4-LiBr) and then mix it with NaBH4 to form a mixed cation-anion
borohydride (LiBH4X’-NaBH4, where X’ = Br- and I, Method 3). In this case we will use
as a host NaBH4 for LiBHa.

We report the products of these three reaction schemes and show how the

structures are related to the ionic transport properties.
4.2 Experimental

4.2.1 Synthesis of substituted HP — LiBH4 phases

For the synthesis of the substituted HP - LiBH4 phases, anhydrous LiBH4 (Sigma-
Aldrich, >95%), NaBH4 (Alfa, 98%), Lil (Sigma-Aldrich, 99.9%, trace metals basis) and
LiBr (Sigma-Aldrich, >99%) were used as supplied with no further purification.

Synthesis was performed in a nitrogen atmosphere using a Retsch PM100 ball mill.
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Three different approaches were performed which will be referred to as Methods 1,
2, and 3.

4.2.1.1 Method 1 (LiBH4 — NaBHa)

Mixtures of LiBH4 and NaBH4 were milled for 4 h at 500 rpm (80 : 1, ball-to-
powder-ratio). The ball milling was performed in periods of 2 minutes of milling
interspersed by 2 min breaks to minimise heating of the samples. The mixtures

investigated in this section can be found summarized in Table 4.3-1.

4.2.1.2 Method 2 (LiBH4 — NaBr)
The same milling procedure was applied to LiBH4 and NaBr. The samples

prepared in this section are summarized in Table 4.3-1.

(1 —x)LiBH, + xNaX' = Li;_yNa,(BH,)1_ X' (4.1)

4.2.1.3 Method 3 (LiBH4 — LiX — NaBHas, where X = Br-and I)

The last approach (Method 3) was composed of two steps (3-a) and (3-b).
Firstly, the halide was incorporated in LiBH4 by milling LiX and LiBH4, forming the HT
phase of LiBH4 in Li(BH4)xX’(1-x). Different molar ratios of LiBH4 and LiX were
investigated in order to study the effect of halide concentration in the anticipated
final HP - LiBH4 phase. Table 4.3-4, Table 4.3-5, and Table 4.3-6 show the different
mixtures studied for X = Br- and X = | (seven different compositions were studied for
I" and just one for Br- to confirm the mechanism). Secondly, once the halide was
incorporated in LiBH4, this product was reacted with NaBH4 to form the HP - LiBH4
(Table 4.3-4, Table 4.3-5, and Table 4.3-6). For the second step of the reaction only
one molar ratio ([Li(BH4)1xX’x] : NaBH4, 1:1) was selected in order to maintain a
constant 1:1 Li/Na ratio. The halide content of the final material could thus be varied

and was studied over the range 8 - 50% for the iodide.

(3-a) Synthesis of the precursor, HT - LiBHa4:

(1 = x)LiBH, + xLiX' = Li(BH})1_X'y (4.2)
(3-b) Synthesis of HP - LiBH4:

(1 — Y)Li(BHy)1_xX'x + yNaBH, - Li¢;_y)Na,(BH,),_ X'y, where y = 0.5 (4.3)
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By fixing the cation ratio we examined the influence of halide content on ionic
conductivity. The amount of cation was not modified because in order to perform an
experiment where the cation amount has to be different for each sample, the anion
amount also would be different for each sample (3-c).

(3-c) Synthesis of HP - LiBH4:

(1 - Y)Li(BHAl»)l—xX’x + yNaBH4 - Li(l—y)Nay(BH4)1—x+xyX’x(1—y) (44)

For the first step of the reaction (3-a), approximately 0.5 g LiBH4 - LiX’
(precursor, where X’ = Br, 1) mixtures were mechanically milled for 4 and 24 h for I
and Br- samples, respectively. For the second step (3-b), approximately 0.5 g Li(BH4)1-
xX’x and NaBH4 (1:1) were mechanically milled for 10 h for both halides. The same
conditions for the ball milling process from section 4.2.1.1 were used for this step.
The final mixture was heated to 598 K for 20 h for the bromide sample. Samples

which contained iodide were heated to 473 K for 2 h after milling.

4.2.2 Characterisation
The conditions for the characterisation, powder neutron diffraction and

Raman spectroscopy, can be found in sections 2.3.1.2, 2.3.1.3 and 2.5.1.1.
4.3 Results and discussion
4.3.1 Mixed cation borohydride

4.3.1.1 Method 1 (LiBH4 — NaBH4 system)

Different mixtures of LiBH4 and NaBH4 were studied in order to form mixed
alkali borohydrides as a single phase for the first time. Two different regions were
observed in the phase diagram of LiBH4 - NaBH4 system (Li1.xNaxBH4) (Figure 4.3-1).
In region | (x < 0.5, samples 34 - 36) the peaks observed belonged to both reactants
(LT - LiBH4 and NaBH4), indicating no reaction between them. In region Il (37), the
patterns can be fully indexed using a face centred unit cell that show a constant
volume with significant variation with Li composition.as shown in Table 4.3-1 and
Figure 4.3-1.
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Table 4.3-1 Lattice parameters of samples from Method 1 (LiBH4 — NaBH4 mixtures, 34 - 37)

Sample | Na content, x Final alA b/A cl/A VA3
compound
LT — LiBH4 LT - LiBHs  7.17858(4)  4.43686(2) 6.80321(4)  216.685(3)
34 0.09 LT —LiBHs  7.159(9) 4.416(3) 6.843(3) 216.4(3)
NaBHa 6.1(1) 230(4)
35 0.25 LT—LiBHs  7.12(1) 4.435(4) 6.86(1) 216.4(5)
NaBHa 6.155(6) 233.2(2)
36 0.50 LT — LiBH4 * * * *
NaBHa 6.165(3) 234.3(1)
37 0.91 LT — LiBHa4 - — —
NaBHa 6.1641(7) 234.21(3)
NaBHa NaBHa 6.1635(5) 234.14°

*Not enough reflections for structural analysis and because of dominant Na scattering.
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Figure 4.3-1 Na content in LiixNaxBH4 (Method 1), where LT — LiBH4 is represented with red
squares and NaBH., with blue circles. Error bars are shown for each sample.

We conclude that the reaction between these reactants is not possible under

these conditions because any the reactant phases remain after the treatment.
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4.3.2 Mixed cation —anion borohydrides
4.3.2.1 Method 2 (LiBH4 — NaBr system)

4.3.2.1.1 Bromide substitution

Method 2: The LiBHs - NaBr system was studied for the nine different
compositions shown in Table 4.3-2 and Figure 4.3-2. In total, eight different regions
were observed in the phase diagram of the LiBH4-NaBr system (4.1). Only peaks from
the LT phase from LiBH4 were observed when x < 0.09 (sample 38, region I). In region
II (x = 0.16, 39) two different phases were present, the LT phase of LiBH4 and an
additional phase that was indexed as a new cubic unit cell. In region Ill (x = 0.20, 40)
the LT - LiBH4 phase and the new cubic phase were still present, however peaks from
the HT - LiBH4 phase also emerged. When the content of NaBr was increased from
0.25 to 0.30 (region IV, sample 41 and 42) only the HT - LiBH4 phase and the new
cubic structure were observed. In region V (x = 0.50, 43), three different phases were
present which belonged to the new cubic structure, HT - LiBH4 and NaBr. Only peaks
that belonged to three rock salt-type structures were observed (region VI, sample
44) when the content of NaBr in the solid solution was 0.70 = x (NaBr, LiBr and the
new cubic structure). However this new structure was absent if the content of Na*
was increased to 0.70 < x (region VII, sample 45), and only NaBr and LiBr were
observed. At higher content of NaBr, only peaks from the NaBr phase were observed
(region VIII, 0.83 < x < 1.00, 46).
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Table 4.3-2 Lattice parameters of samples from Method 2 (LiBH4 — NaBr mixtures, 38 - 46)

Sample | LiBH,: NaBr Li content / x Na content / x Final compound alA b/A cl/A V /A3

LT — LiBHa 1.00 0.00 LT - LiBHa4 7.17858(4) 4.43686(2) 6.80321(4) 216.685(3)5

38 10:1 0.91 0.09 LT — LiBH4 — type 7.14(6) 4.45(4) 6.76(2) 214(3)

39 LT — LiBHa— type 7.32(4) 4.70(2) 6.76(2) 217(2)

5:1 0.84 0.16 HP — LiBH4 — type 6.08(2) 225.0(8)

(Lil—xNax(BHA)l—xBrx)

40 4:1 0.80 0.20 LT — LiBHa — type 7.20(3) 4.41(4) 6.83(3) 216(3)
HT — LiBH4— type 4.218(3) 6.767(2) 104.27(9)
HP — LiBH4 — type 6.08(2) 225.0(8)

41 3:1 0.75 0.25 HT — LiBH4— type 4.210(8) 6.737(2) 103.4(2)
HP — LiBH. — type 6.06(2) 223.0(8)

. HT — LiBH4— type 4.209(8 --- 6.749(5 103.5(2

42 2:1 0.67 033 HP — LiBH4 — t};/%e 6.05655; 57490 222.18

43 1:1 0.50 0.50 HT — LiBH4— type 4.206(3) 6.7277(8)  103.08(6)
HP — LiBH4 — type 6.03(1) 220.2(4)
NaBr — type 5.973(5) 213.1(2)

44 1:2.33 0.30 0.70 HT — LiBH4 — type * * * *
HP — LiBHa — type 6.011(7) 216.9(3)
NaBr — type 9.973(3) 213.09(9)
LiBr — type 5.510(6) 167.3(2)

45 1:5 0.16 0.84 NaBr — type 5.974(5) 213.2(2)
LiBr — type 5.511(4) 167.4(1)

46 1:10 0.09 0.91 NaBr — type 5.966(2) 212.70(6)

NaBr 0.00 1.00 NaBr 5.9738(7) 213.18%

*Not enough reflections for structural analysis
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Figure 4.3-2 Phase diagram of LiBH4s— NaBr system by mechanochemical treatment. Five different
phases were identified: LT — LiBH4 in red squares; HT — LiBHa4 in light blue squares; HP — LiBHa4
(Lir-xNax(BH4)1xBrx) in green circles; NaBr in blue circles; and LiBr in orange circles. The left axes
is for all the compounds apart from the HT — LiBH,4 that is represented in the right axes (Method
2). Error bars are shown for each sample.

The observation of a new Fm3m rock salt type structure in regions IlI-V
suggests the formation of a Li(1-x)Nax(BH4)1-xBrx solid solution with a similar structure
to HP-LiBH4. This suggests that some Li* can be incorporated into NaBr if the structure
is stabilised by [BH4]". In this case, the ionic radius of BH4 (2.05 A)* is slightly larger
than Br' (1.96 A)* and the resulting mixed cation - mixed anion compound cannot be

formed as a single phase. Therefore another approach was suggested.
4.3.2.2 Method 3

4.3.2.2.1 Bromide substitution

For bromide system one single composition was prepared using this two-step
synthesis (Table 4.3-3). Figure 4.3-3 shows the XRD pattern of the precursor (Method
3-a, 47a) once it was synthesised by ball milling LiBH4 and LiBr for 24 h.
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Table 4.3-3 Composition of samples from Method 3-a (LiBH4 — LiBr mixtures, 47a)

Sample | LiBH4:LiBr Final compound

47a 2:1 Li(BH4)o0.67Bro.33

Table 4.3-4 Lattice parameters of sample from Method 3-b (LiBH4 — LiBr — NaBH4 mixture, 47b -
47c).

Sample NaBH4 47b 47c
[LiBH4:LiBr] : NaBH4 [2:1]:1 [2:1]: 1
Bromide content 0.16 0.16 0.16

Final compound LT — LiBHs —type HP — LiBH4 —type LiosNaos(BHa4)o.84Bro.16
alA 6.1635(5) 7.1659(4) 6.109(5) 6.1021(1)

b/A 4.4171(4)

clA 6.833(1)

V/IA3 234.14° 216.27(5) 228.0(2) 227.22(1)

Treatment: 47b (MT) and 47c (MT/TT) (MT: Mechanochemical treatment, TT: thermal
treatment).
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Figure 4.3-3 XRD pattern of sample 47a. Synthesis of the precursor (LiBH4 : LiBr, 2:1) by
mechanochemical treatment, for 24 h at 500 rpm (Method 3-a, HT phase). The peaks are indexed
using the P6smc space group of the high temperature polymorph of LiBH, structure.
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The Br-substituted HT - LiBH4 was milled with NaBH4 in a 1 : 1 molar ratio for
10 h (3-b, 47b) to give the XRD pattern shown in Figure 4.3-4 (Table 4.3-4). Two
different phases were identified. HP - LiBH4- type (Li, Na) (BH4, Br) was formed, but
another phase was present which could be identified as LT - LiBH4- type. These results
suggested that the reaction was not completed after ball milling for 10 h. Therefore
thermal treatment was applied for 20 h at 598 K. As Figure 4.3-5 shows, a single
phase was obtained after the thermal treatment. This phase was assigned to a rock-
salt type structure which was composed of mixed cation (50% of Li*/Na*) and anion
(84% of BH4 and 16% of Br-) borohydride. Sample 47c was indexed with a cubic
structure, space group Fm3m (#227), a = 6.1021(1) A and V = 227.22(1) A3 (Table
4.3-4).
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Figure 4.3-4 XRD pattern of sample 47b only by mechanochemical treatment for 10 h at 500 rpm
(Method 3-b).
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Figure 4.3-5 XRD pattern of sample 47c post mechanochemical (10 h at 500 rpm) and thermal
treatment (5 K min-t, 20 h at 598K, Method 3-b, HP phase).

4.3.2.2.2 lodide substitution

The synthesis of different mixed cation-anion borohydrides, using Method 3-a
and 3-b with iodide as halide, was motivated by the results obtained from the
analogous bromide sample 47c. As it was mentioned earlier and in the literature,
better ionic conductivity is expected for iodide samples because of its lower
migration energy of lithium ions halides with rock salt type structure.®' Therefore the
same study was performed for iodide but more extensively. Firstly, samples of
Li(BH4)1xIx with the HT - LiBH4 structure were synthesised by mechanochemical
treatment of LiBH4 and Lil following method 3-a (Table 4.3-5). These mixtures were
used as precursors for the synthesis of (Li, Na) (BHa4, 1) with NaBH4in a 1 : 1 molar
ratio to form materials with 1 : 1 Li and Na in the final compounds but containing

variable amounts of halide which ranged from 8 - 50% BH4 content (Table 4.3-6).

Figure 4.3-6 shows the XRD patterns from each precursor formed with different
compositions of LiBH4 and Lil (3-a). All the peaks corresponded to the HT structure
of LiBH4. As observed in the Br containing sample, iodide stabilises the HT phase of

LiBH4.4” As the content of |- increased, so the cell volume of the HT - LiBH4 expanded
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because the ionic radius of 1" (2.20 A)* is slightly larger than that of BH4 (2.05 A)%.

Therefore the peaks were displaced to lower 26 because of the increase in cell

volume, as indicated with a red dotted line in Figure 4.3-6.

Figure 4.3-7 shows the patterns of the second step of the reaction (3-b). Only

peaks from a rock salt type structure were found in each composition. The cell

volume increased as the amount of halide increased in the precursor; therefore all

the peaks displaced to lower 26 as is indicated in Figure 4.3-7 by the red dotted line.

Samples 54 - 60 were indexed with a cubic structure, space group Fm3m (#227). The

lattice parameters and cell volume for each sample can be found in Table 4.3-6.

Table 4.3-5 Composition of samples from Method 3-a (LiBH4 — Lil mixtures, 48 - 53)

Sample | LiBH4:Lil  Final compound
48 5:1 Li(BH4)o.83lo.17
49 4:1 Li(BHa4)o.s0l0.20
50 31 Li(BHa4)o.75l0.25
51 2:1 Li(BH4)o.67l0.33
52 1:1 Li(BH4)o.50l0.50
53 1:2 Li(BHa4)o.33l0.67

Table 4.3-6 Lattice parameters of sample from Method 3-b (LiBH4 — Lil — NaBH. mixture, 54 - 60)

Sample [LiBH4:Lil] : NaBH,4 Icood:eent Final compound alA Vv /A3
NaBHa 0 6.1635(5) 234.14°
54 5:1] : 1 0.08 Lio.sNao.s(BHa)0.92l0.08 6.216(6)  240.2(2)
55 [4:1] : 1 0.10 Lio.sNao.s(BHa)o.90lo 10 6.227(2)  241.19(8)
56 [3:1]: 1 0.13 LiosNaos(BHa)os7lo.13 6.241(9)  243.1(4)
57 [2:1]: 1 0.16 LiosNaos(BHa)osslo.16 6.264(6)  245.8(2)
58 [1:1]:1 0.25 LiosNaos(BHa)o.7slo.25 6.324(5)  253.0(2)
59 [1:2] : 1 0.33 LiosNao s(BHa)o.6710.33 6.371(6)  258.5(2)
60 NaBH. : Lil 0.50 Lio.sNao.s(BHa)os0los0 6.437(6)  266.7(3)
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Figure 4.3-6 XRD patterns of the precursors (LiBH4 : Lil mixtures, HT phase, 48 - 53) (Method 3-
a).
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Figure 4.3-7 XRD pattern of [LiBH4 : Lil] : NaBH4 mixtures (54 - 60, Method 3-b) which could be
identified as pure HP — LiBHa4 type phases.
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Figure 4.3-8 demonstrates that the cell volume increases linearly with the
iodide content across the range of compositions synthesised. In total, seven different

composition of HP - LiBH4 were successfully synthesised.
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Figure 4.3-8 Cell dimensions of 54 - 60 as a content of lodide. (Method 3-b, HP phase).

4.3.3 Method 3: Characterisation of the HP - LiBH4 type phases

4.3.3.1 Raman spectroscopy

HP - LiBH4 type samples synthesised using Method 3 were investigated using
Raman spectroscopy. The Raman spectra of samples 47c, 57, LT - LiBH4, HT - LiBHa4,
and NaBH4 are shown in Figure 4.3-9. The LT - LiBH4 phase showed the splitting of
the bending modes (v2 and v,’), due to the anisotropy of the B - H atomistic vibrations
in the orthorhombic structure, as was reported by Orimo et al.*® However, if the LT
- LiBH4 phase is heated the splitting diminishes.> 4° When the HT phase of LiBH4 is
stabilised at room temperature by anion substitution with halides, the same
phenomenon is observed (Figure 4.3-9). One sample with the HP - LiBH4 structure
from each of the halides were selected for Raman measurements. The samples
selected containing Br and |I" were 47c and 57 respectively. Both samples contained
16% of halide and 50% of Li*/Na*. These samples were selected because they showed

the best performance in ionic conductivity which will be discussed in section 4.3.3.2.
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Both HP - LiBH4 type samples synthesised (47c and 57) showed similar Raman shifts
compared to isostructural NaBH4, as on the one hand, the Raman shift of the B - H
stretching mode was slightly higher for both samples than for NaBH4 (vi = 2325 cm™").
On the other hand, the B - H bending modes decreased in wavenumber in the order
of NaBH4 (v2= 1274 cm™) > 47c (v2= 1270 cm™") > 57 (v2= 1260 cm™").

Lig sNag s(BH,)g g4lo 16

Lig sNag 5(BH,)g 54Brg 15

HT - Li(BH,)g 671033
HT - Li(BH,); 6:Brg 33 L
|~

LT - LiBH,

Intensity / arb. units

NaBH,

||||||||||||||||||||||||

Wavenumber / cm-!

Figure 4.3-9 Raman spectra of 47c (LiosNaos(BHa)osaBro1s) and 57 (LiosNaos(BHa)osalo1s) and a
comparison with the corresponding modes of HT - Li(BH4)o.67Bro.3s, HT - Li(BHa)o67lo.33, LT - LiBH4
and NaBHa.

4.3.3.2 Electrochemical impedance spectroscopy

4.3.3.2.1 HP - LiBH4 stabilised with 16 % halide (Lio.sNao.s(BHa4)o0.84Xo0.16, X = Br- and I)

Conductivity measurements were performed for the bromide and iodide HP -
LiBH4 type samples (47c and 57, respectively). Impedance data analysed in the
complex plane showed a semicircle at high frequencies and a linear response in the
lower frequency range caused by the electrode contribution (Figure 4.3-10). Due to

the observation of a single semicircle it is not possible to extract values for intra-and
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inter-grain resistance. The data were analysed using an equivalent electrical circuit
to extract the values for the total resistivity of the material. Especially at high
temperatures and low frequencies, the spectra were governed by electrode
polarization due to the usage of ion-blocking electrodes. An estimate of the total
conductivity was made from the combination of a resistor and a constant phase
element in parallel. Figure 4.3-10 shows the Nyquist plot from 47c and 57 which have
similar composition, 16% halide and 50% Li*/Na* content. Sample 57 demonstrated
conductivities of ca. 10 S cm at 313 K with activation energies in the range 0.56 -
0.60 eV, whereas 47c showed a total ionic conductivity of ca. 107 Scm™" at the same
temperature with higher values of activation energy, 0.62 - 0.66 eV (Figure 4.3-11
and Table 4.3-7). At 413 K, 47c and 57 exhibited total ionic conductivities of 9.0 x
10°and 6.1 x 104S cm™', respectively. i.e. ca. 3 and 4 orders of magnitude higher

than NaBH4 at an equivalent temperature (ca. 108 Scm', see Table 4.3-7).

250 N T=40°C
(@] | '*: | .
= Lig sNag 5(BH4)0 84Bro 16
)
£ .
™ _ Lio sNag 5(BH4)o s4lo.16
0 250 500 750

Re (Z2) / kQ
Figure 4.3-10 Nyquist plot of 47c and 57 at 313 K.
Table 4.3-7 lonic conductivities (o) at 313 K and the activation energies (Ea) for conduction in

Lio_5Nao,5(BH4)0_84BI’0_16 (47C, HP — LiBH4), Lio_5Nao,5(BH4)o,84|o,16 (57, HP - LiBH4), LT - LiBH4, HP -
LiBH4, Lil and NaBHa,.

Complex hydride lonic conductivity at 313 K (Scm™)  Activation energy (eV)
LiosNaos(BHa)o8aBro.16, 47C 4.0 x 107 0.64(2)
LiosNaos(BHa)o.galo.1s, 57 3.6 x 106 0.58(2)
LT —LiBHa4 2x 108 0.69%4
HP — LiBH4 7.6 x 10* (493 K and under 4 GPa) 0.56
Lil 108 0.4315
NaBH4 5x 10° 0.6120
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Figure 4.3-11 Plot of conductivity as a function of temperature for LiBH4?*, NaBH4?°, and Lig-
y)Nay(BHa)a-x+xy)X’x1-yy or HP - LiBH4 (X’ = Br- (47c) and I'(57) on heating.

Overall, Table 4.3-7 shows that ionic conductivities are higher for the HP -
LiBH4 samples (47c and 57) at 313 K than the reactants at the same temperature (LT
- LiBH4, Lil and NaBH4) and the HP phase - LiBH4 at 493 K and under 4 GPa. The Ea
were slightly larger than HP - LiBH4, Lil and NaBHs. This fact will be discussed in
section 4.3.3.4.

4.3.3.2.2 Lithium sodium borohydride iodides with the HP - LiBH4 structure

Conductivity measurements were carried out for the iodide substituted HP -
LiBH4 - type (54 - 59). Impedance data analysed in the complex plane showed a
semicircle at high frequencies and a linear response at low frequencies characteristic
of ionic conductivity and ion blocking electrodes. The data were analysed using an
equivalent electrical circuit to extract the values for the total resistivity of the
material. Figure 4.3-12 shows the results from one of the samples measured at 313
and at 413 K (57), as an example. The data from the other samples (54 - 56, 58 and
59) can be found in Appendix B.

The results of the measurements were collected in to two categories, those
with either low or high content of anion substitution as shown in Figure 4.3-13 and
Figure 4.3-14, respectively. The best performance in terms of ionic conductivity was
obtained in materials with a halide content of 16% (57). Samples with lower content
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of halide (54, 55, and 56) showed ionic conductivities similar to LT - LiBH4. A similar

phenomenon was observed for samples with more than 16% of halide (58 and 59).
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Figure 4.3-12 Nyquist plots of 57 (frequency range 1MHz to 1Hz at 1mV). Measurements
performed at a) 313 K and b) 413 K.
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Figure 4.3-13 Conductivity measurements for (Li,Na) (BH4,1) with low iodide content. Samples
from bottom to top: 54, 55, 56 and 57.
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Figure 4.3-14 Conductivity measurements for (Li,Na) (BHa4dl) with higher levels of iodide
substitution. Samples from top to bottom: 57, 58 and 59.
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4.3.3.3 Powder X-ray diffraction experiments

Fully structural characterisation was performed for the samples which
demonstrated the highest ionic conductivity at room temperature (samples 47c and
57). Laboratory X-ray powder diffraction data collected showed that a single cubic
phase was formed [Fm3m: a = 6.1021(1) A and 6.263(3) A for Br  (47c) and I (57),
respectively] and hence that NaCl-type NaBH4 structures containing Li* (50 %) can be
stabilized at room temperature by substitution with 16 % halide (Figure 4.3-15).
Hence the bromide and iodide structures contract and expand respectively compared
to NaBH4 [ionic radii of I" (2.20 A) > BH4 (2.05 A) > Br (1.96 A) respectively.

Figure 4.3-15 Crystal structure of cubic Lia.yyNay(BHa4)@x+xy)X’x1y) (HP — LiBH4 - type). Borohydride
anions are shown as B - centred polyhedra (blue) and halides are represented by purple spheres,
whilst the cations are represented by spheres, Li* as red spheres and Na* as yellow spheres.
Following initial phase identification and indexing from the PXD data collected
for the white powder products, the final structures for each of the borohydride
halides were refined (Figure 4.3-16, Table 4.3-8, Table 4.3-9 and Appendix B). The
background was successfully modelled using linear interpolation. This was followed
by the refinement of the cell parameters, atomic positions, profile parameters and
temperature factors. The peak shape was modelled using a pseudo-Voigt function.
The site occupancies were refined with the constraint that both the anion and cation
sites remain fully occupied. The two compounds crystallise with the same space
group (Fm3m). Sample 47c (a = 6.1021(1) A) and 57 (a = 6.2670(1) A) show different
lattice parameters comparing with NaBH4 (Fm3m, a = 6.1635(5) A)® due to a 50% in
content of Li* and a 16% in content of I(Br). The rock-salt structures contain both

cations and anions that are statically disordered; the 4b position is occupied by both
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BH4 and Br(l)" and the Li* ions partly (50%) occupy the octahedral sodium positions
(4a sites) (Figure 4.3-15). The anions and cations occupy the octahedral sites with
Li(Na)-B(Br/I) distances of 3.05106(5) and 3.1348(6) A, respectively, whereas for
NaBH4 the value is 3.0818 A, for NaBr it is 2.9810 A and for Nal it is 3.3000 A.° The
Li(Na)-B(Br/l) distances shows that these compounds can be ordered in size as follows
NaBr < 47c < NaBH4 < 57 < Nal because 47c¢ and 57 have both 16% of Br and |,

respectively.
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Figure 4.3-16 Profile plot from the Rietveld refinement against X-ray powder diffraction data for
(@) Liosze)Nao.ase)(BHa)oss@Broize (47¢) (b) LioswNaoaa)(BHa)osamloiss) (57) (Red crosses:
experimental profile; green line: calculated profile; pink line: difference profile; tick marks: Bragg
reflections for the NaCl-type borohydride halide phase).
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Table 4.3-8. Atom positions and isotropic temperature factors obtained from Rietveld refinement
against PXD data of the LigsNaos(BH4)o.84Bro.16 cOmpounds at room temperature (47c¢).

Atom Li Na B Br

Site 4a 4a 4b 4b

X 0 0 1/2 1/2

y 0 0 0 0

z 0 0 0 0

100 X Uiso / A 2.2(2) 2.2(2) 7.6(3) 7.6(3)
Occupancy 0.52(6) 0.48(6) 0.83(3) 0.17(3)

Table 4.3-9. Atom positions and isotropic temperature factors obtained from Rietveld refinement
against PXD data of the LigsNaogs(BHa)o.s4lo.16 COMpounds at room temperature (57).

Atom Li Na B I

Site 4a 4a 4b 4b

X 0 0 Yo 1/2

y 0 0 0 0

z 0 0 0 10

100 x Uiso / A 253) 253) 3.93) 3.9(3)
Occupancy 0.6(1) 0.4(1) 0.84(4) 0.16(4)

4.3.3.4 Li*ion migration in HP — LiBH4 — type materials

In order to understand the origin of the activation energy for migration in the
above samples (Table 4.3-7), one needs to consider the possible paths that may be
taken by a Li* ion in jumping from its lattice site into an adjacent vacancy. Some
studies have suggested possible Li ion diffusion in the rock-salt type LiX phases (X =
F, Cl, Br and I) by the same kinds of diffusion paths as NaCl, i.e., “direct” and
“indirect” jumps.®® Sections of the cubic structure are shown in Figure 4.3-17. A
simple cube with the cations and anions at alternate corners can be considered,

which corresponds to one-eighth of the unit cell of substituted NaBH4.
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Figure 4.3-17 pathway for Li* migration in LiosNaos(BHa)ax+xy)X'xayy (HP — LiBHa4 - type).
Borohydride anions are shown as B(X’) - centred polyhedra (blue), whilst the cations are
represented by spheres, Li* as red spheres and Na* as yellow spheres. One corner Li* site is
shown as “empty” (just as in NaCl, (Li, Na)(BH4/X’) would be expected to include a small number
of intrinsic cation and anion vacancies) and a Li* ion from opposite corner moves to occupy it.
The direct and indirect jump are represented as dotted line and curved arrow, respectively.

a) b)

— oy F\ f

x = [(a/2)? + (a/2)]*? 1 2

Figure 4.3-18 a) and c) represent the triangular channel of radius r’ through which a moving Li*
ion must pass in the borohydride compound. Blue circles 1, 2 and 3 are anions, either BH4 or X
(where X =Br or 1). Yellow circles are cations (Li* or Na*, 50% probability). Note that this figure is
adapted from West.®°

The direct jump of Li* across the sub-cube face is very unlikely because BH4 /
(I, Br) anion 1 and 2 are very close (blue atoms) and it could be physically
unfavourable for a Li* ion to occupy the space between them. Instead Li* must take
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an indirect route that passes through the middle of the sub-cube. At the cube centre

is an interstitial site that is equidistant from the eight corners. Four of the corners

are occupied by (BH4) /X ions which are arranged tetrahedrally about the site. Before

the Li* ion arrives at this central interstitial site, it has to pass through a triangular

window formed by anions 1, 2 and 3. The time that the cation (Li*) spends in this site

must be short because of the proximity of the other cations (Li*/Na* represented by

yellow spheres), 1’ and 2’.

Treating (BH4) as an sphere, the radius r’ of the ‘triangular’ window formed

by the BHy4 ions is giving by ((4.5)-(4.9)) (Figure 4.3-18):
y = (0.84rgy,- + 0.1671;-) + 1’

e[ @
*/2

cos 30° =

I C Ry

~ ((0.8475y,- + 0.1677-) +17)

thenr' = 0.48A

(4.5)

(4.6)

(4.7)

(4.8)

(4.9)

The Li* ion then leaves the tetrahedral hole by passing through another

triangular gap formed by anions 1, 2 and 4 to occupy the vacant octahedral site on

the other sub-cube corner.

The radius r’’ of the tetrahedral interstitial site at the cube centre is given by:

y = (0.84rgy,- + 0.16711-) + 71’

2(0.8475y,- + 0.167-) + 21" = [(%)2 + (3) + (3)2]%

thenr" = 0.64A

(4.10)
(4.11)

(4.12)
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Table 4.3-10 shows the space available for cation interstitial in NaCl, 47c, and
57. It might be argued that in our materials the conductivity could be enhanced
because the migrating ion, Li* which is smaller than Na*, would have larger space to

move through the voids and the space into which it can migrate is larger than in NaCl.

Table 4.3-10 Indirect jump mechanism

Sample | Compound Migrating ion lonic radii (A) r’ (A) r” (A)
NaCl Na* 1.02 0.45 0.59

47c Lio.sNao.s(BHa4)o.84Bro.16 Lit 0.76 0.46 0.60

57 Lio.sNao.s(BHa)o.s4l0.16 Lit 0.76 0.48 0.64

r’: radius of the ‘triangular’ window formed by anions (BH4) and I/Br. r’’: radius of the
interstitial site at the cube centre.

Certainly, the space available for Li* to migrate is slightly larger for 57 than
for 47¢, which could tend to the superior results in the conductivity. This mechanism
is inevitably somewhat idealized since relaxation or distortion of the structure must
occur in the vicinity of the defects, thereby modifying the distances involved. They
do nevertheless show that the migration of Li* ions could be possible, but would be

associated with a considerable activation energy barrier.>°

Calculations of migration energies of Li* ion in LiX (X = F, Cl, Br, and |) showed
a tendency to decrease the migration energy with the increase in the periodic number
of the halide in the Periodic table (Table 4.3-11).3! Table 4.3-7 shows the activation
energies for each of the samples. As was predicted in the literature, experimentally
Lil shows the lowest activation energy (0.43 eV)'> because it has a larger open channel
for Li*. HP - LiBH4 with a rock-salt type structure has a larger activation energy (0.56
eV)" than Lil because the ionic radius of BH4 (2.05 A) is slightly smaller than I (2.20
A). The same phenomenon was observed in compounds 47c and 57 where the
activation energy was higher for 47c (0.64(2) eV) than 57 (0.58(2) eV) because Br
(1.96 A) has a smaller radius than I (2.20 A) leaving less space for the Li* ions to jump
through the indirect path. However the activation energies for 47c and 57 are slightly
larger than HP - LiBH4, when they should be similar, since they have almost the same
content of anion (100% for HP - LiBH4and 84% for 47c and 57 of BH4). However 47c

and 57 have also the Na* contribution, as this can be noticed in the activation
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energies of 47¢ (0.64(2) eV) and 57 (0.58(2) eV) which are similar to NaBH4 (0.61 eV)

which also has a rock-salt type structure (Table 4.3-7).

Table 4.3-11 Migration enrgies of Li* ion through the two kinds of diffusion path in rock-salt type
LiX (X =F, Cl, Brand I1).%!

Migration energy, Ep+ / eV
Compound

Direct path Indirect path
LiF 0.80 0.82
LiCl 0.70 0.58
LiBr 0.65 0.50
Lil 0.65 0.42

4.4 Conclusions

In this chapter different solid solutions were investigated to stabilise the HP -
LiBH4 - type phase at room temperature and ambient pressure. In total three different
approaches were proposed to stabilise this phase which otherwise is only available
under extreme conditions (Method 1, 2 and 3). Firstly, by Method 1, mixed alkali
borohydrides were studied using LiBH4 and NaBH4. NaBH4 was used because it has the
same structure as the HP - LiBH4 phase, a rock salt type structure. In this way this
compound could serve as a “host” for the Li cations. The formation of Lii.xNax(BH4)
was suggested in other reports.”> 1618 However different mixtures with different molar
ratios of LiBH4 and NaBH4 prepared by mechanochemical treatment showed no
evidence of mixed cation borohydrides. These results suggest that the direct
substitution of Li* in NaBH4 is not favourable. All the patterns showed peaks that
belonged to both reactants and the cell parameters of each of them were not
modified (34 - 37, Table 4.3-1).

Secondly, in Method 2 the formation of mixed alkali metal - mixed anion
borohydrides was suggested as an alternative route. Mixtures with different molar
ratios of LiBH4 and NaBr were studied (38 - 46, Table 4.3-2). NaBr was used because
it has the same structure as HP - LiBH4 again, a rock salt type structure. The phase
diagram of this system was investigated in detail. The presence of new phases were

observed in LiBH4 - NaBr system, which could be indexed to a cubic rock-salt type
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structure. This showed the possible stabilisation of HP - LiBH4 by substitution of both
cations and anions at ambient conditions. The cubic phase was observed with a
content of 0.20 > NaBr > 0.70, coexisting with other phases (LT - LiBH4- type, HT -
LiBH4 - type, HP - LiBH4 - type, NaBr - type and LiBr - type). This approach indicated
that the stabilisation of the HP - LiBH4 phase could be possible. Since Li* is smaller

than Na*, the substitution of a halide is necessary to fulfil the space left by the cation.

Finally, Method 3 relied on the use of HT - LiBH4 phases as precursors in
mixtures with NaBH4. In this way the halide to be substituted is already incorporated
in the precursor. As in Method 1, NaBH4was used as a “host” for the Li cations. This
is an example of “chemical pressure”, whereby substitution of smaller ions mimics
the action of high pressure by condensing a phase further. These materials were
studied with two different halides, Br- and I'. For Br’, a single composition was studied
(47c) and it showed higher ionic conductivity than NaBH4 itself by ca. 3 orders of
magnitude at 413 K. For I, seven different compositions were studied (54 - 60, Table
4.3-6). Conductivity measurements were performed for each of the samples and the
optimum composition obtained contains 16% of iodide (57). This showed ionic
conductivity ca. 4 orders of magnitude higher than NaBH4 at 413 K. In comparison
with the parent borohydrides, Table 4.3-7, the halides showed higher activation
energies and higher conductivities. Higher activation energies could be due to partial
occupation of isovalent elements in the same sites. As predicted in the literature for
lithium compounds with the rock-salt type structure (LiX where X = F, Cl, Br, and |,
Table 4.3-11)°', the migration energies show a tendency to decrease with the
increase in the periodic number of the halide in the Periodic table (47c (0.64(2) eV)
> 57 (0.58(2) eV) > HP - LiBH4 (0.56 eV)'! > Lil (0.43 eV)">, Table 4.3-7). Larger anions
in a rock salt structure allow Li* ions to jump through the middle of the cell because

of their larger open channels.

In conclusion, it was shown that two groups of halide-substituted borohydrides
could be synthesised with the HP structure of LiBH4 and stabilised at ambient

conditions (47c and 54 - 60 for bromide and iodide, respectively).
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5. Lithium aminoboranes as candidates for solid state electrolytes

5.1 Introduction

One of the most promising materials suggested as a hydrogen storage material
for a future sustainable hydrogen economy is ammonia borane (NH3BH3) which
contains 19.6 wt % of hydrogen, is solid at room temperature and pressure and is
neither flammable nor explosive. Ammonia borane is a crystalline solid first
synthesised in 1955. It adopts a tetragonal structure with space group [4mm and
lattice parameters of a = 5.240 and ¢ = 5.028 A at room temperature.’ The bond
lengths were determined by Bowden et al. using single-crystal X-ray data finding N-

B distances of 1.597(3) A at room temperature (Figure 5.1-1).2

e

Figure 5.1-1 Crystal structure of NHzBH3.2 Boron and nitrogen atoms are represented in black and
green, respectively.

NH3:BH3 melts at 114 °C. The molten NH3BHs evolves H; following reaction (4.5)
and forming polyaminoborane (NH2BH;), at 125 °C. (NH2BH2), decomposes at 155 °C
giving off hydrogen and polyiminoborane (NHBH), and a small fraction of borazine,
(B3HeN3) and other products which have not been characterised ((5.2), (5.3) and
Scheme 5.1-1)*. At 500 °C (NHBH), further decomposes into BN but the temperature
of this process is not considered practical for hydrogen storage. These results were
obtained with a heating rate of 2 °C min'.> It has been observed from the
thermogravimetric and differential scanning curves that the exact temperature at

which each decomposition step occurs is very much dependent on the heating rate.®
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Scheme 5.1-1 Generalised thermal decomposition of ammonia borane.*

n NH3BH;3 5y » (NHyBHy)p () + 1 Hz (g (5.1)
(NHZBHZ)n (s) ™ (NHBH)n (s) + nHZ ) (52)
(NHBH)n (s) —->nBN (s) + TLHZ 9) (5.3)

[NHBH], = polyiminoborane, borazine, polyborazine, cross-linked materials, mostly poorly
defined and characterised.

This material combined with charge carriers could be considered as a potential
electrolyte because of its low molecular weight (30.7 g mol™"), thermal stability and
satisfactory air-stability. Several lithium amino boranes have been reported for
hydrogen storage materials, but these compounds have never been studied as
electrolytes. Some of them show particular structures where the ammonia borane is
found in pseudo-layers which could provide different pathways for ions to move
through the structure.’-? It is important to study these materials as electrolytes since
they could exhibit 1D, 2D or 3D lithium ion conductivity. For instance the combination
between LiH and NH3BH3 in different molar ratios gives the formation of diverse
compounds such as a - and B - LiNH2BH3, LiNH2BH3- (NH3BH3) and Li[BH3NH2BH2NH2BH;3]
(Table 5.1-1).

Table 5.1-1 Reported lithium ammonia borane compounds.

Compound Structure Reaction Molar ratio Tq(°C) Ref.

o — LiNH2BHs Orthorhombic  LiH + NH3BH3 1:1 114 86,10, 11
B — LiNH2BH3 Orthorhombic  LiH + NH3BH3 1:1 12
LiNH2BH3-NH3BH3 Tetragonal LiH + NH3BHs 1:2 13,14
Li[BH3NH.BH2NH,BH3] | Tetragonal LiH + NH3BHs 1:3 140 9
Liz[BH4][NH2BH3] Orthorhombic  LiNH2BHs + LiBH4 11 15
Liz[BH4]2[NH3BHj3] Orthorhombic  LiBH4 + NH3BH3 2:1 105 78

The first alkali-metal amidoborane complexes were reported by Edwards et al.
in 2008.3 Lithium and sodium amidoboranes are formed by ball milling the alkali-
metal hydrides (LiH and NaH) with ammonia boranein 1 : 1 molar ratio. It is suggested
that the driving force for the formation of LiNH2BHs is the production of the gas as

reaction (5.4) shows.'" 12
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LiH + NH3;BH; - LiNH,BH; + H, 1 (5.4)

For lithium, two different phases are reported, o - and B - LiNH2BH3.3 a -
LiNH2BH3 crystallises in the orthorhombic space group Pbca, with a = 7.11274(6), b =
13.94877(14), ¢ = 5.15018(6) A, and V = 510.970(15) A3.7° Only two years later the
second polymorph of LiNH;BH3 was reported, B - LiNH;BHs.'? This compound
crystallises in the same space group as a - LiNH2BHs, Pbca, but with different lattice
constants: a = 15.146(6), b = 7.721(3) and ¢ = 9.268(4) A, and V = 1083.7(8) A3.
However B - LiNH;BH3 can only be observed by ball milling and transforms to a -
LiNH2BH3 upon extended milling.'? Another structure was reported from the mixture

of LiH and NH3BHs in a 1 : 2 molar ratio by Wu et al. shown in reaction (5.5).

LiH + 2NH3;BH; — LiNH,BH; - NH;BH; + H, T (5.5)

LiNH2BHs3- (NH3BHs3) crystallises in a Cmc2: orthorhombic structure (a =
9.100(2), b = 4.371(1), c = 6.441(2) A, and B = 93.19°).13 4 |n 2011, it was pointed
out that a new unidentified structure could be obtained from LiH and NH3BH3 in a 1
: 2 molar ratio. It was wrongly assigned to a tetragonal structure with space group
P4;mc formed from the decomposition of LiNH2BHs-(NH3BHs) (a = 4.0288 (2) A, ¢ =
16.958 (2) A, V = 275.26 (5) A3). However the stoichiometry of the product obtained

was not clarified (5.6).'°

Rate limiting

LiH + 2NH;BH; — > LiNH,BH; - (NH;BH3) - Tetragonal phase (5.6)

In 2014, this was clarified by Grochala et al. who showed that the structure

was that of Li[BH3NH2BH:NH;BH3] which has a tetragonal structure with space group

P42¢ (a = 4.02 (1) A, ¢ = 16.95 (5) A, V = 273.9 (12) A3). LiNH,BH; undergoes

decomposition leading to the formation of LiNHBH, releasing H; or

Li[BH3NH2BH2NH,BH3] releasing NH3, which is stable at room temperature (Figure
5.1-2).

3 Whenever in this report LiNH;BHj3 is mentioned without especification of o — or B phase, we would always
refer to the first reported structure of LiNH2BHj, o.
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competing reactions on decomposition of amidoboranes

MAIN REACTION

M H
N—B,

H” “H
we H\ﬁ—s’—m decomposition with H, evolution
H” “H formation of M(B3N2) phases

e
©BHs BH,_ BH;
v [ SNHYONHY

SIDE REACTION

Figure 5.1-2 The simplified mechanism of two competing reactions during the thermal
decomposition of alkali metal amidoboranes: direct evolution of H: (top) and formation of
M[BH3NH2BH2NH,BHs]phases with the evolution of NH3 (bottom).®

a) b)
LiAB PXD pattern: Z. Xiong et al., Nature Mater. 7 (2008) 138 LiAB PXD pattern: C. Wu et al., Inorg. Chem. 49 (2010) 4319
A=0.800A Y A=1.2398A
% ‘,‘f ,
AT .
A wa J‘ . o ?.
_._J._‘_._——-JLLJlLK-‘L _lb._,h_u_.. L N —— — o i
1 L 1 1 1 L L 1 L L L L L L 1 I
. I . Li(B3N2) A . Li(B3N2)
4LM_AJ Y I T An_AB J M —ALA- —\ LiAB
T T T T T T T T T T T T T T T T T T T T
fll é ll2 ]_lﬁ 2IO 29 [deg] 3l2 20 24 28 32 29 [deg] 40

Figure 5.1-3 a) PXD powder pattern of LINH,BH3 presented by Z. Xiong et al. in 2008 (top).2 Signals
representing Li[BH3sNH2BH;NH:BHs3] are marked with grey stripes (top). For comparison PXD
patterns of LiNH,BH3; and Li[BH3sNH2BH>NH2BHs]are shown (bottom). b) PXD powder pattern of
LiNH2BH3 by C. Wu et al. in 2010 (top).*? 14 Signals representing Li[BHsNH2BH2NH,BHs]are marked
with grey stripes (top). For comparison PXD pattern of LiNH2BHs; and Li[BH3sNH2BH2NH:BHs] are
shown (bottom).®

Grochala et al. confirmed that over some period of time some reflections of
Li[BH3NH,BH2NH2BH3] can be detected in LiNH2BH3 (Figure 5.1-3).° The data reported
by Xiong et al. showed two peaks in LiNH:BH3 pattern which belonged to
Li[BH3NH2BH,NH;BHs]. However they claimed that only a single phase was observed,
LiNH2BH3.3 C. Wu et al. showed partial decomposition to a new phase that they were
unable to identify.'? Subsequently, Li[BH3NH,BH;NH;BH3] was identified as this

decomposition product.®

Li[BH3NH2BH2NH;BH3] can be synthesised following a two-step reaction where
LiH and NH3BHs are mixed by ball milling in a 1 : 3 molar ratio followed by thermal

desorption of excess NH3 (equations (5.7) and(5.8)):
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LiH + 3NH3BH; — LiNH,BH; - NH;BH; + NH3BHs + H, 1 (5.7)

LiNH,BHs - NHsBHs + NH3;BH; — Li(BH;NH,BH,NH,BH;) + NH; T +H, T (5.8)

1.598(94) A

Figure 5.1-4 Crystal structure of Li[BHsNH2BH>NH2BH3].

The crystal structure of Li[BH3NH2BH;NH;BH3] consists of Li* layers which are
linked via five member chain [BH3NH.BH2NH;BH3]" anions which coordinate lithium
cations using the hydrogen atoms of terminal [BH3] groups only (Figure 5.1-4). Lithium
cations are found in tetrahedral coordination of four hydrogen atoms, resembling
those found for the orthorhombic form of LiBH4.'” The shortest Li-H distance is 2.0(2)
A (as compared with the corresponding distance of 1.98(1) A in Pbca LiNH,BH; and
1.98(1) Ain Pnma LiBH4).: "7 The average B-N bond length of the [BH3NH2BH2NH2BHs]"
anion is ca. 1.59(6) A (as compared with 1.55 A for LiNH;BH;),3 whereas the average
angles between the B-N bonds (115 °) are close to the tetrahedral angle. The crystal
structure contains disordered [BH3NH2BH2NH;BH3]™ anions lying along the z axis of the

unit cell.?

Continuous efforts were made to modify NH3BHs; to improve its hydrogen
storage performance.® One avenue for modifying ammonia borane in this regard has
been to form metal borohydride ammonia boranes via mixing borohydrides such as
LiBH4, Mg(BH4)2 and Ca(BH4), with NH3BH3. This has led to crystalline borohydrides
such as Mg[BH4]2[NH3BH3]2"® 1 and layered compounds such as [LiBH4]2[NH3BH3]” and
Ca[BH4]2[NH3BH3]’ (Figure 5.1-5).
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Li2[BH4]2[NH3BH3] is composed of alternating “layers” of borohydride and
ammonia borane and is formed by mixing LiBH4 and NH3BH3 in a 2 : 1 molar ratio by
ball milling (5.9). It could be extremely useful in the application of Li* ion batteries
since it can be obtained as a single phase and is stable up to 105 °C. It crystallises in
an orthorhombic structure with space group Pnma (a = 8.3118(8), b = 12.428(1), ¢ =
6.5944(7) A, and V = 681.20(11) A3)7 and is composed of alternate layers of LiBH4 and
NH3BH3 (Figure 5.1-5 (a)).

(@)

Figure 5.1-5 Crystal structures of a) [LiBH4]2[NH3BHs], b) Ca[BH4]2[NH3BHs] and c)
Mg[BH4]2[NHsBH3]2.

2LiBH, + NH;BH; — Li,[BH,],[NH3;BH;] (5.9)

Recently another “layered” compound Li;[BH4][NH2BH3] was discovered.’ This
material was synthesised by mixing different ratios of LiNH2BH3 and LiBH4. One single
composition was obtained using a 2 : 1 molar ratio (LiBH4 : LiNH2BH3), however the
stoichiometry of the product obtained was Li,[BH4][NH2BH3] which would correspond
to a 1: 1 molar ratio of the starting materials. This could indicate the formation of
an amorphous phase of the remaining LiBH4 which does not react. If this material
shows the presence of different phases, it could not be considered as a potential
electrolyte since this could cause interferences in the total ionic conductivity and
reduce it. The new Liy[BH4][NH2BH3] phase was reported with an orthorhombic
structure (space group Pbca, a=7.05A, b=14.81A, c=5.13A,B8=97.5°, V=531.6
A3) (equation (5.10)."5

LiNH,BHs + LiBH, — Li,[BH,|[NH,BH,] (5.10)
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Figure 5.1-6. XRD patterns of the LiNH2BH3; (LiAB) — xLiBH4 mixtures with (b) x = 0.1, (c) x = 0.2,
(d)yx=0.25,(e) x=0.33, () x =0.5, (g) x =1, (h) x =2, (i) x =10, respectively. XRD patterns of (a)
as prepared LiNH2BH3; and (j) commercial LiBH4 are shown for comparison.*®

Figure 5.1-7 Crystal structure of Liz[BH4][NH2BH3].
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The aim of the work described in this chapter was to synthesise lithium
ammonia borane hydrides, earlier considered as candidates for hydrogen storage, and
study their properties as electrolytes. Being motivated by the synthesis of these
materials other possible combinations were studied as well. We proposed the
synthesis of novel electrolytes using the combination of NH3BH3 with other materials
containing lithium such as lithium halides which have shown an improvement in
conductivity when substituted in other materials such as LiBH4.2° Our purpose was to
synthesise novel materials with open structures to provoke ionic conductivity via

either 1D, 2D or 3D pathways.
5.2 Experimental
5.2.1 LiH-[NHsBHs] system

5.2.1.1 Synthesis of LiNH2BHs (a — LiNH2BH3 and B — LiNH2BH3)

For the synthesis of a - LiNH2BH3 and B - LiNH;BH3s, LiH (Sigma Aldrich, 99%)
and NH3BH3 (Sigma Aldrich, 98%) mixtures in a 1 : 1 molar ratio were prepared in an
Argon filled recirculating glovebox (Table 5.2-1). The compounds were synthesised
using a Retsch PM100 ball mill, as detailed in section 2.2.1. A total of ca. 0.1 or 0.5
g (ball : powder ratio 400 : 1 and 80 : 1, respectively) of the powder mixture was
loaded into a hardened steel jar (50 ml) together with 10 hardened steel balls of 10
mm in diameter. The resultant products, white in colour, were collected in the

glovebox for characterisation.
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Table 5.2-1 Summary of reactions (61 - 65), including experimental parameters used and powder

X —ray products.

Ball Ball : Time
- . Speed / Expected
Sample milling powder resting rpm compound X —ray product
time/h ratio min / min
Li[BHaNH2BH2NH2BH3],
] NHsBHs, a —LiNH2BHs,
61 16 80:1 2/2 200 o —LiNHz2BH3
LiNH2BHz-NH3BH3 and
an unknown phase
o — LiNH2BHs3 (after
62 16 400:1 212 200 a—LiNH2BHs  hours decomposes into
LiNH2BHs-NHsBH3).
) Li[BH3NH2BH2NH2BH3],
63 2 400:1 5/25 200 a — LiINH2BH3
NHsBHs
) Li[BHsNH2BH2NH2BH3],
64 5 80:1 2/2 200 B — LiNH2BH3 ,
NHsBHs, a — LINH2BH3
Li[BHsNH2BH2NH2BH3],
) NHzBHs, a — LiNH2BH3,
65 5 400:1 2/2 200 B — LiNH2BHs
LiNH2BHz-NH3BHs, B —
LiNH2BHs

5.2.1.2 Synthesis of LiNH2BH3-NH3BH3
The synthesis of LiNH;BH3-NH3BH3 was performed using LiH (Sigma Aldrich,

99%) and NH3BH3 (Sigma Aldrich, 98%) mixtures in a 1 : 2 molar ratio prepared in an

Argon filled recirculating glovebox (Table 5.2-2). A total of ca. 0.1 g of the powder

mixture was loaded into a hardened steel jar (50 ml) together with 10 hardened steel

balls of 10 mm in diameter. The resultant product, white in colour, was collected in

the glovebox for characterisation.

Table 5.2-2 Experimental conditions for synthesis of 66 including powder X —ray products.

Ball milli Ball : powder ;i :
Sample all milling ime rest_lng Speed / X — ray product
time/h min / min rpm
LiNH2BH3-NH3BH3,
66 2 400:1 5/25 200 Li[BHsNH2BH2NH2BHs]
and NHsBH3
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5.2.1.3 Synthesis of Li[BHsNH2BH2NH2BH3]

The synthesis of Li[BHsNH2BH2NH2BH3] was performed by reacting
approximately 0.13 g of a mixture of LiH (Sigma Aldrich, 99%) and NH3BH3 (Sigma
Aldrich, 98%) in a 1 : 3 molar ratio (Table 5.2-3). The powder was loaded into a steel
jar with steel balls (same conditions as samples from section 5.2.1.1). The final

mixture was heated to complete the reaction using conditions from Table 5.2-4.

Table 5.2-3 Experimental conditions for synthesis of 67 including powder X —ray products.

i Ball : powder i i
Sample Ba!l milling Tlm.e rest'lng Speed / rpm X —ray product
time/h ratio min / min
LiNH2BHs-NH3BHs,
67 2 400:1 5/25 200
NHsBHs

Table 5.2-4 Experimental conditions for synthesis of 67a including powder X — ray product.

Sample Time/h Temperature / °C Ramp / °C min! X —ray product

67a 12 75 5 Li[BHsNH2BH2NH2BH3]

5.2.1.4 Synthesis of Li[BHsNH2BH2NH2BH2NH2BHj3]

The synthesis of Li[BH3NH,BH,NH2BH:NH;BH3] electrolyte was attempted by
reacting approximately 0.17 g of a mixture of LiH (Sigma Aldrich, 99%) and NH3BHs
(Sigma Aldrich, 98%) with 1 : 4 molar ratio ((5.11) and (5.12)). The powder was loaded
into a steel jar with steel balls (same conditions as samples from section 5.2.1.1,
Table 5.2-5, to form LiNH;BH3-NH3BH3 and NH3BH3 releasing Hz (equation (5.11)). The
final mixture was heated to complete the reaction using conditions from Table 5.2-6
to form Li[BH3NH2BH,NH,BH2NH;BH3] releasing NH3 and H, (equation (5.12)).

@) LiH + 4NH;BH; — LiNH,BH; - NH;BH; + 2NH;BHs + H, 1 (5.11)
(b)  LINH;BH;-NH;BHs + 2NHyBH; —

5.12
— Li[BH3;NH,BH,NH,BH,NH,BH;] + NHs T + H, 1 (5-12)

Table 5.2-5 Experimental conditions for synthesis of 68 including powder X —ray product.

- ) Time
Sample Ba!l milling Ball : p_owder resting Speed / X — ray product
time/h ratio . 7 rpm
min / min
Li[BHsNH2BH2NH2BH3],
68 2 400:1 5/25 200
NHsBH3
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Table 5.2-6 Experimental conditions for synthesis of 68a including powder X — ray product.

Sample Time/h Temperature / °C Ramp / °C min-t X —ray product

68a 12 75 5 Formation of gel

5.2.1.5 Synthesis of Li[BH4]1x[NH2BHs3]x

The synthesis of Li[BH4]1-x[NH2BH3]x was attempted by mixing powders of a -
LiNH2BH3, previously synthesised, and LiBH4 (Sigma-Aldrich, >95). Approximately 0.1
g of mixture was milled for 2 h at 200 rpm (400 : 1, ball-to-powder-ratio). The ball
milling was performed in periods of 2 minutes of milling interspersed by 2 min breaks
to minimise heating of the samples (Table 5.2-7).

Table 5.2-7 Summary of reactions (69 - 70), including experimental parameters used and powder
X —ray product.

Molar ratio
Sample X —ray product
LiNH2BHz (62): LiBH4
69 1:1 Liz[BH4][NH2BHs], LiBH4
70 2:1 Liz[BH4][NH2BH3]

5.2.1.6 Synthesis of Liz[BH4][BH3NH2BH2NH2BHj3]

The synthesis of Liz[BH4][BH3NH2BH2NH2BH3] was attempted by mixing powders
of previously synthesised Li[BH3NH2BH;NH:BH3] (Table 5.2-3 and Table 5.2-4), and
LiBH4 (Sigma-Aldrich, > 95 %) (Table 5.2-8 and equation (5.13)). Approximately 0.1 g
of mixture was milled for 2 h at 250 rpm (400 : 1, ball-to-powder-ratio). The ball
milling was performed in periods of 2 min of milling interspersed by 2 min breaks to

minimise heating of the samples.

Li(BH;NH,BH,NH,BH,) + LiBH, — Li,[BH,](BH;NH,BH,NH,BHs) (5.13)

Table 5.2-8 Summary of reaction (71), including experimental parameters used and powder X —
ray product.

Molar ratio
Sample X —ray product
Li[BH3sNH2BH2NH2BH3] : LiBH4

71 1:1 Li[BHsNH2BH2NH2BH3], LiBH4
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5.2.2 LiBH4—[NH3BHs] system

For the synthesis of LiBH4 - NH3BH3 materials, LiBH4 (Sigma-Aldrich, > 95 %)
and NH3BH3 (Sigma Aldrich, 98%) mixtures with different molar ratios were prepared
in an Argon filled recirculating glovebox (Table 5.2-9). A total of ca. 0.1 g of the
powder mixture was loaded in a steel jar together with steel balls and milled for 2 h
at 250 rpm (400 : 1, ball-to-powder-ratio). The ball milling was performed in periods
of 2 min of milling interspersed by 2 min breaks to minimise heating of the samples.
The resultant products, white in colour, were collected in the glovebox for
characterisation.

Table 5.2-9 Summary of reactions (72 - 77), including experimental parameters used and powder
X —ray product.

Molar ratio

Sample X —ray product

LiBH4 : NHsBH3
72 1:1 LiBH4-NH3BHs, [LiBH4]2NH3BHs3, LiBH4
73 2:1 [LiBH4]2NH3BH3
74 3:1 [LiBH4]2NH3BHs3, LiBHa
75 4:1 [LiBH4]2NH3BHs3, LiBHa
76 5:1 [LiBH4]2NH3BHs3, LiBHa
77 6:1 [LiBH4]2NH3BHs3, LiBHa

5.2.3 LiX" =[NHsBHs] (X" =Br, 1)

For the synthesis of LiX" - NH3BHs3, where X~ = Br and |, different mixtures
were prepared using LiBr (Sigma-Aldrich, >99%) or Lil (Sigma Aldrich, beads, 99%) and
NH3BH3 (Sigma Aldrich, 98%) inside the glovebox (Table 5.2-10 and Table 5.2-11). The
mixture was loaded into a steel jar with steel balls and ball milled using a Retsch
PM100 ball mill. A total of ca. 0.2 g of the powder mixture was loaded into a hardened
steel jar (50 ml) together with 10 hardened steel balls of 10 mm in diameter. The
mixture was milled for 2 h at 250 rpm (400 : 1, ball-to-powder-ratio). The ball milling
was performed in periods of 2 min of milling interspersed by 2 min breaks to minimise
heating of the samples. The resultant product, white in colour, was collected in the

glovebox for characterisation.
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Table 5.2-10 Summary of reactions (78 - 82), including experimental parameters used and powder
X —ray product.

Molar ratio
Sample X —ray product
LiBr : NHsBH3
78 2:1 LiBr, NHzBH3
79 1:1 LiBr, NHzBH3
80 1:2 LiBr, NHzBH3
81 1:3 LiBr, NHzBH3
82 1:4 LiBr, NHzBH3

Table 5.2-11 Summary of reactions (83 - 86), including experimental parameters used and powder
X —ray product.

Molar ratio
Sample X —ray product
Lil : NH3BHs
83 2:1 Lil, [Lil]INH3BH3]
84 1:1 [Lil][NH3BHs]
85 2:3 [Lil][NH3BHs], [Lil][NH3BHs3]2
86 1:2 [Lil][NH3BHs]2

5.3 Characterisation

Powder X - ray diffraction (PXD) data of samples 64 - 86 were obtained at
room temperature with a Bruker D8 Advance (6-26) diffractometer, using Cu Ka
radiation with a scanning step size of 0.017 ° 26 over an angular range 5 - 85 ° 20 for
ca. 1 h (From Table 5.2-1 to Table 5.2-11). Experimental diffraction data were
compared to powder patterns generated from data in the Inorganic Crystal Structure
Database (ICSD)?' using Powdercell 2.4.%22 All data were indexed and refined by least
squares fitting when possible using the CELREF package.? Jana2006 was used for the
identification of the unknown compounds using a test of the best cell candidate.?*
The background was fitted using the shifted Chebyschev polynominal and the unit
cell parameters were then refined, followed by the peak profile parameters, atomic
positions and isotropic displacement parameters. High resolution data were collected
from the 111 instrument at the Diamond Light Source, synchrotron facility located at

the Harwell Science and Innovation Campus in Oxfordshire, to obtain complete
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models derived from our original lab PXD structure refinements with new crystal
structures. The far superior intensity of synchrotron radiation was used to confirm
our proposed structures and map any occupational or positional disorder in the
structures. The data were analysed using Rietveld refinement as implemented in the
GSAS software package? via the EXPGUI interface?® against multiple data sets. Data
collected were fitted using a starting model obtained from previous lab PXD results.
The background was fitted using the shifted Chebyschev polynominal and the unit
cell parameters were then refined, followed by the peak profile parameters, atomic
positions and isotropic displacement parameters. Modelling of the peak shape was
carried out using GSAS function 2 (pseudo-Voigt combination and an asymmetrical
peak shape).?> 26 The refinements were considered finished when they converged, all

the variables were stable and the R-values minimised.

Raman spectra were collected in the range 500 - 4000 cm™ at room
temperature using a Horiba LabRAM HT confocal microscope system with a 532 nm

laser, a hole aperture of 100 um and a 200 gr mm-' grating.

Thermal analysis was carried out using a NETZSCH STA 4090C coupled with a
HIDEN HPR20 mass spectrometer to determine the stability of the lithium
aminoborane compounds at high temperatures in an inert atmosphere. Samples were
heated in a silica pan from room temperature to 200 °C at 5 °C min™' under an Ar
flow. Mass spectra were collected simultaneously. Gases monitored were Hz, NHj3,
diborane (B2H¢), borazine (B3sH¢N3), H,0 and Ar. Masses of 26, 27 and 28 g mol' were

used to monitor of diborane (mass 27.67 g mol™").
5.4 Results and discussion
5.4.1 [LiH][NHsBHs] system

5.4.1.1 Synthesis of LiNH2BH3 (a — LiNH2BH3 and B — LiNH2BH3)

The synthesis of a - LiNH,BH3 was attempted using a route already proposed in
the literature where LiH and NH3BH; were milled in a 1 : 1 molar ratio.? In the
literature the ball to powder ratio was not mentioned. Initial reaction with a ratio of
80 : 1 (sample 61) led to the formation of multiple phases: Li[BH3NH,BH,NH2BHz3],
NH3BH3, a -LiNH;BH3, LiNH;BH3-NH3BH3 and an unknown phase. The reaction was
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performed again using a ball to powder ratio increased by five times, from 80 : 1 to
400 : 1. Powder X-ray Diffraction (PXD) data of the product after milling (sample 62)
are shown in Figure 5.4-1. Powder X-ray data revealed the presence of a - LiNH2BH3,
which was indexed in orthorhombic space group Pbca. This crystal structure agrees
with that previously reported by Xiong et al.?

Intensity (a.u.)

2 theta (°)

Figure 5.4-1 PXD pattern of the reaction product (62) after ball milling LiH : NH3BHz (1:1), ball
milling for 16 h, 1 : 400. White squares represent a — LiNH>.BH3 and grey circles represent
Li[BH3NH2BH>NH2BHs3].

However as Fijalkowski et al.® demonstrated, this phase is unstable. A PXD
measurement performed, days after the synthesis, confirmed that a - LiNH;BH3
decomposes into Li[BH3NH2BH,NH;BH3] and LiNH2BH3-NH3BH3 as Figure 5.4-2 shows.
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Figure 5.4-2 PXD pattern of the reaction product (62) measured 2 days after being synthesised.
White squares represent a — LiNH2BHs; grey squares represent LiNH2BH3-NH3;BHs; and grey
circles represent Li[BH3NH2BH2NH2BHs].

Another route was used in order to stabilise the a - phase, following the
conditions reported by Weng et al.'" The PXD pattern of sample 63 indicated the
presence of the three phases found in sample 62, o - LiNH2BH3, Li[BH3NH2BH2NH;BH3]

and LiNH2BH3-NH3BH3 (Figure 5.4-3).
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Figure 5.4-3 PXD pattern of the reaction product (63) after ball milling LiH : NH3zBH3z (1:1), for 16 h

(1 : 400, ball : powder ratio). White squares represent a — LiNH2BH3, grey squares represent
LiNH2BHs-NH3BHs and grey circles represent Li[BHsNH>BH>NH>BH3].
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The synthesis of the polymorph of LiNH;BH3, the B phase, was performed
following the conditions reported by Wu et al.'. B - LiNH,BH3; was obtained by ball
milling LiH and NH3BH3 using shorter ball milling times than those for preparation of
a - LiNH2BH3 (Table 5.2-1).'2 Two different ball to powder ratio conditions were used
(80 : 1 and 400 : 1) due to the unreported conditions in the literature. The PXD
pattern from the mixture of LiH and NH3BH3 (1:1) ball milled with a low ball to powder
ratio (sample 64) did not indicate the presence of B phase, only reflections from a -
LiNH2BHs, Li[BH3NH2BH2NH2BH3] and LiNH2BH3-NH3BHs. However if the ball to powder
ratio is increased (sample 65) four different phases are observed: a - LiNH;BH;s,
LiNH2BH3-NH3BH3, Li[BH3NH:BH;NH;BH3] and a new phase. This phase has been
assigned in the literature to the polymorph of LiNH2BH3 (Figure 5.4-4). No further
experiments were performed because the B - phase is metastable and eventually
transforms to the a - phase. As was mentioned earlier in this section the a - phase
decomposes into Li[BH3NH:BH;NH;BH3] over some period of time, therefore we
decided that both phases were not applicable for application as electrolytes given

their low thermal stability.
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Figure 5.4-4 PXD pattern of the reaction products after ball milling LiH : NH3BH3z (1:1), for 5 h with
ball : powder ratio of: (a) 1: 80 (64) and (b) 1 : 400 (65). White squares represent a — LiNH2BHs,
grey squares represent LiNH,BHs-NH3BHs, grey circles represent Li[BHsNH2BH>NH,BHs] and
white circles represent B - LiNH2BHs.
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5.4.1.2 Synthesis of LiINH2BH3-NH3BH3

Synthesis of LiNH2BH3-NH3BH3 was attempted following the conditions in the
experimental section (Table 5.2-2)." LiH and NH3BH; were ball milled ina 1 : 2 molar
ratio. As Fijalkowski et al.? showed for LiNH;BH3, LiNH,BH3-NH3BH3 also eventually
transforms into Li[BH3NH2BH2NH;BH3] (Figure 5.4-5). Therefore this material was not

considered suitable for investigation as an electrolyte.

Intensity (a.u.)

2 theta (%)

Figure 5.4-5 PXD pattern of the reaction product (66) after ball milling LiH : NH3sBH3 (1:2), ball
milling for 2 h (1: 400 ball : powder ratio). Grey squares represent LiNH2BH3-NH3sBHs, grey circles
represent Li[BHsNH2BH2NH2BHs] and black squares represent NHsBHs.

5.4.1.3 Synthesis of Li[BH3NH2BH2NH2BH3]

The synthesis of Li[BH3NH,BH,NH2BH3] consists of two stages: milling at room
temperature and further heating at 75°C. In the first stage hydrogen is evolved
following reaction (equation (5.7). The PXD pattern in Figure 5.4-6 shows three
different phases which correspond to NH3:BH3, LiNHBH3-NH3:BH3z and
Li[BH3NH2BH2NH2BHs]. The presence of the Li[BH3NH,BH,NH,BH3] phase at this stage
means that the second part of the reaction (equation (5.7) could occur during milling

before heating and therefore partial release of NH3) may occur.
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Figure 5.4-6 PXD pattern of the reaction product (67) post ball milling LiH : NHzBHz (1:3), for 2 h,
(1 : 400, ball : powder ratio). Grey squares represent LiNH,BH3;-NH3BHs, grey circles represent
Li[BH3sNH2BH2NH2BH3] and black squares represent NH3;BHs.

Upon heating to 75°C ammonia is evolved along with formation of
Li[BH3NH2BH2NH,BH3], as reaction (5.8) shows (Figure 5.4-7). The reflections can be
assigned to the tetragonal phase reported by Fijalkowski et al. (space group P42c, a
=4.02(1) and ¢ = 16.95(5) A, V = 273.9(12)A3)°.
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Figure 5.4-7 PXD pattern of the reaction product (67a) of LiH : NH3BH3 (1:3) post ball milling and
thermal treatment at 75 °C. Grey circles represent Li[BH3NH,BH>NH>BHjs].
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The alkali metal Li[BH3NH2BH:NH;BH3] phase was characterised by Raman
spectroscopy and is easily distinguishable from the spectra of ammonia-borane and
LiNH2BH;s (Figure 5.4-8 and Table 5.4-1).° For instance, the symmetric N - H stretching
mode for Li[BH3NH2BH,NH,BH3] appears at lower numbers (3314 cm™') than LiNH2BH;
(3361 cm'). Whereas the most intense B - H stretching bands from
Li[BH3NH2BH2NH;BH;] are at higher wavenumbers (2320 cm''), compared to LiNH2BH3
(2191 cm™). In the literature this effect has been related to the fact that N - H bonds
could be weaker in Li[BH3NH2BH:NH:BHs3]than in LiNH2BHs3, and it could be the
opposite for B - H bonds being stronger.’ The stiffening of the B - H bonds was
predicted from DFT calculations for the isolated (NH2BH3) and [BH3NH;BH;NH2BHs]
anions in the gas phase. However the softening of the N - H bonds observed in the
Raman spectra was in disagreement with the calculated trend. This might be due to
solid state effects (differences of packing, interactions of anions with cations, or
secondary interactions, such as possible dihydrogen bonding in the molecule) (Table
5.4-1).°

—— NH3BH;
S(NH)
8(BH)  v(BN)
I I I I | | | | |_I_|__|-'—|_.|__ _-I‘__l_-T—I_I A I
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / cm?

Figure 5.4-8 Raman spectra in the range 500 — 4000 cm™ using a 532 nm laser of commercial
NH3BH3z and Li[BH3NH2BH:NH.BH3] (sample 67a) (v = stretching, & = deformation: bending and
torsional modes).
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Table 5.4-1 Assignment of Raman spectra (wavenumber [cm~]) of Li[BHsNH.BH2NH,BH3] and
LiNH2BH3 at room temperature. Absorption bands of fresh ammonia borane (AB) at RT are shown
for comparison. (v = stretching, & = deformation: bending and torsional modes) (Abbreviations:
sh, shoulder, s, strong; m, medium; w, weak).®

Band NH3BH3 LiNHzBH3 Li[BHgNHzBHzNHzBHg]
v (NH) 3361 s
3314 m 3303 vs
3314 m
3253 vs
3272s
3177 m
v (BH) 2418 vw
2378 vs 2368w 2370 w
2327 sh 2320 vs
2317 sh
2282 m
2284 vs 2250 s
2191 s
2153 s 2166vw
5 (NH) 1650 vw
1598 m 1613 vw 1567 m
1583 m
1524 vw
o (BH) 1281 w
1259 vw
1226 w
1206 m
1190 sh
1168 m 1152 m 1166 w
1122 vw
1069 vw
1021 vw 1010w
v (BN) 919 m
901 s 895 vw
873 w
800 w 818 m 806 w
785 m
729 w
603 w
584 w
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5.4.1.3.1 Thermal analysis
The thermal stability of Li[BH3NH2BH2NH2BHs] was studied under inert argon

atmosphere (from room temperature and on heating to 200 °C, Figure 5.4-9).
Li[BH3NH2BH,NH;BH3]decomposed exothermally at ca. 140 °C. LiBH4 was identified in
the solid residue after the dehydrogenation of the respective
Li[BH3NH2BH2NH;BHs]phase in the literature, suggesting the following mechanism for
the thermal decomposition (Table 5.4-2):

Table 5.4-2 Decomposition pathway suggested in the literature for Li[BH3NH2BH>NH2BHj3]. © 27

Decomposition pathway Gas evolved (wt. %) Ref.
(@) Li[BHsNH2BH:NH2BHs] )y — LiBHa( + 2(NHBH)n (s 5.0 (H2) (140 °C)® 27 (5.14)
+2H2 ()
LiBHs s) + 2(NHBH)n (s) — LiBHa() + 2BN (5) + 10.0 (H2) (200 °C)® 27 (5.15)
2H2 (g)

The expected mass loss according to equation (5.14) is 5 %. According to
Owarzany et al.% 27, some mass loss is observed at temperatures up to 200 °C due to
(NHBH), decomposing into BN, releasing H; following reaction (5.15).
Li[BH3NH2BH,NH;BH3] is reported to release only H; gas which is free from ammonia

or any other N-B-H impurities.% 2’

TG /% DTA /(mW/mg)
T exo
100
r1.5
90
+1.0
80
+0.5
70
0.0
136.1°C
melting point
60 gp |05

40 60 80 100 120 140 160 180 200
Temperature /°C

Figure 5.4-9 Typical TG-DTA plot of sample 67a. STA analysis was carried out in an Ar

atmosphere, heating the sample at 5 °C min? from ambient temperature to 200 °C. Black line
represents TG curve and red line represents DTA curve.
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NH3BH3 shows two desorption steps at 125 and 155 °C and 67a decomposes at
129.7 (onset temperature) and 150.1 °C which suggests a similarity to the first and
second decomposition steps of NH3BH3 (Table 5.4-3 and Figure 5.4-9).28

Table 5.4-3 Summary of thermal stability analysis including data from TGA/MS, XRD data and
Raman analysis.

Sample Li[BHsNH2BH2NH2BH3] (67a)  Li[BHsNH.BHoNH,BH3]®
Formula mass 81.38 81.38

Onset before change in the DTA T/ °C 129.7 140

Melting point 136.1 140

Total weight loss / % 34.02 9

Gases evolved Hz, B2HeN3, B2He, NH3 H2

XRD pattern post decomposition amorphous LiBH4

Raman spectra (NH2BH2)n and (NHBH)n

Li[BH3NH2BH2NH;BH3] loses 34.02 % of mass during heating; STA results show
that this mass loss is due to Hz, BsHsN3, B2He and NH3 being released (Figure 5.4-10).
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Figure 5.4-10 Typical mass spectrum recorded of Li[BHsNH2.BH2NH2BH3] (67a) during thermal
treatment. Gases monitored were: NHs (green); B2Hgs (brown, blue and purple); BsHsNs (red); Hz
(black).
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Figure 5.4-11 shows an amorphous pattern obtained after the thermal

treatment.

Intensity (a.u.)
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Figure 5.4-11 Post-TGA product after heating sample 7a under an Argon flow from room
temperature to 200 °C at 5 °C min™.

As was mentioned in the introduction of this chapter, ammonia borane goes
through two different decomposition steps (4.5) and (5.2). During the decomposition
process it first forms polyaminoborane (NH:BH2)» (4.5) and subsequently
polyiminoborane (NHBH)» (5.2). In Raman spectroscopy ammonia borane shows
v (NH3) and v, (NH3) at ca. 3250 and 3300 cm’, respectively, and v,(BH3) and v, (BH3)
at ca. 2280 and 2400 cm™, respectively. At 125 °C, ammonia borane starts to
decompose and forms (NH;BH;)» and a new peak is observed at 3250 cm' which
belongs to the wvg(NH2). At 155 °C, (NH2BH2)» starts to decompose into (NHBH);,
indicated by a signal at 3434 cm™ which belongs to v(NH) mode. As it has been
mentioned before, after the decomposition of Li[BH3:NHBH;NH;BH3], it was not
possible to assign any compound due to the amorphous PXD pattern (Table 4.3-8).
Therefore Raman analysis was performed to characterise the final compounds after
the thermal decomposition of Li[BH3NH,BH;NH,BHs]. Figure 5.4-12 shows the Raman
spectrum of 67a after STA measurement. LiBH4 and (NHBH), are expected as final
products after the decomposition according to equation (5.14).% % The absence of
LiBH4 peaks in the powder XRD patter may have been due to the material not being
able to crystallise under the reaction conditions. It has been commented on in other

studies that LiBH4 is unable to crystallise under dehydrogenation conditions and so is
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often not observed in powder XRD patterns despite it being an expected
decomposition product.?® From Raman spectra (NH2BHz)» and (NHBH), are identified
by observing peaks that belong to v(NHz) and v(NH), showing that the complete
decomposition of ammonia borane did not occur.?® A peak is observed at 2296 cm™,

which could also correspond to the vq (A1) mode from LiBH4.

v (NH)

Intensity / arb. units

4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000

Wavenumber / cm™?

Figure 5.4-12 Raman spectrain the range 2000 — 4000 cm™ using a 532 nm laser of (a) commercial
LT - LiBH4, (b) commercial NH3BHs, (¢) Li[BHsNH2BH:NH2BH3] (67a), and (d) post-TGA product
after heating Li[BH3sNH2BH2NH2BH3] (67a) under an Argon flow from room temperature to 200 °C
at 5°C min.

Therefore, we suggest that the decomposition pathway for
Li[BH3NH2BH2NH3BHs] could involve the release of H; according to equations (5.17)
and (5.18). However our data suggest that reaction (5.17) does not go to completion
due to the presence of (NH2BHz)» in Raman spectra. We suggest that reactions (1.19)
and (5.20) are likely to happen since the release of BsHsN3, NH3 and B2He is observed

in the mass spectrum (Figure 5.4-10).
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Table 5.4-4 Possible decomposition pathways for Li[BHsNH2BH2NH3BH3] (7a), according to this
work. (b) and (c) are theoretical proposed reactions and calculated weight losses.

Decomposition pathway Gas evolved (wt. %) Ref.
(@  Li[BHsNH2BH2NH3BHs] 5y — LiBHa (s + 2(NH2BH2)n (s) - (5.16)
LiBHa(s) + 2(NH2BH2)n sy — LiBHas) + 2(NHBH)n ¢s) + 2H2(q) 5.0 (H2) (140 °C)®- 27 (5.17)
LiBHa s + 2(NHBH)n (5) - LiBHas) + 2BN () + 2H2 (q) 10.0 (H2) (200 °C)%27  (5.18)
(b)  Li[BHsNH2BH2NH2BH3z] sy — LiBHa(s) + Hz2(g) + 41 (this work) (5.19)
1/2B2He (g) + NH3 (g) + BN (s)
()  Li[BHsNH2BH2NH2BH3] sy — LiBHa(s) + 2/3B3HsN3 @) + 2H2(g 73 (this work) (5.20)

5.4.1.4 Synthesis of Li[BH3sNH2BH2NH2BH2NH2BH3]

In this section some experiments were performed with the aim of elongating
the chain of the ammonia borane derived anion, motivated in part by the encouraging
results obtained from Li[BH3NH2BH;NH2BH3] using LiH and NH3BH3 in a 1 : 3 molar
ratio. The amount of ammonia borane was increased in order to increase the length
of the chain, a 1 : 4 LiH : NH3BHs ratio was used. The same conditions used for the
synthesis of samples 67 and 67a were used for samples 68 and 68a. The synthesis of
Li[BH3NH2BH2NH,BH,NH2BH3] consists of two stages: milling at room temperature and
further heating at 75°C. In the first stage hydrogen is expected to be evolved
following reaction (5.11), while in the second stage, upon heating to 75°C, ammonia
would be desorbed along with formation of Li[BH3:NH,BH,NH,BH,NH;BH3], as reaction
(5.12) shows.

The PXD pattern in Figure 5.4-13 shows the presence of two phases: NH3BH3
and Li[BH3NH2BH;NH2BHs]. Increasing the amount of ammonia borane facilitates
reaction (5.21) as opposed to the formation of the desired longer chain compound
(5.12).

LiH + 4NH;BH; — Li[BH;NH,BH,NH,BH;| + NH;BH; + NH; T +2H, 1 (5.21)
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Figure 5.4-13 PXD pattern of the reaction product (68) of LiH : NH3BH3 (1:4) post ball milling. Grey
circles represent Li[BHsNH2BH2NH;BHs] and black squares represent NHsBHs.

The thermal treatment at 75 °C was attempted, however the resultant

material had a gel consistency and PXD measurements were not able to be performed.

5.4.1.5 Synthesis of Liz[BHa]1-x[NH2BHz]x

Lio[BH4][NH2BH3] was successfully obtained by milling LiNH2BH3s and LiBH4
following reaction (5.10) using a 1 : 2 molar ratio (Table 5.2-7). The synthesised
ammonia borane compound was characterised by PXD. As shown in the PXD pattern
(Figure 5.4-14) the Li;[BH4][NH2BH3] phase was synthesised with no trace of the

starting material suggesting the formation of a possible amorphous component
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Figure 5.4-14 PXD pattern of the reaction product (70) of LiBH4 : LiNH2BHs (1:2), ball milling 2 h.
White triangles represent Lio[BH4][NH2BHz3].

The same conditions were used for the correct reaction stoichiometry
according to equation (5.10). LiBH4 and LiNH2BH3 were ball milled in a 1 : 1 molar
ratio in order to obtain the desired compound, Li;[BH4][NH:BH3]. However two
different phases were observed (Figure 5.4-15). The two phases can be assigned to
Li,[BH4][NH2BH3] and LiBH4. These results confirm the possible formation of
amorphous phases that cannot be characterised by PXD. Even though a single phase
was obtained according to PXD as Figure 5.4-14 shows, this sample was decided not
to be used for impedance measurements as it could not be confirmed which phase

would be responsible for the conductivity.
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Figure 5.4-15 PXD pattern of the reaction product (69) of LiBHa4 : LiNH2BHs (1:1) after ball milling
for 2 h. White triangles represent Liz[BH4][NH2BH3]; and black triangles represent LT — LiBHa.

5.4.1.6 Synthesis of Liz[BH4][BH3sNH2BH2NH2BHj3]

Initial attempts focused on synthesising a compound containing a combination
of long chain ammonia borane derived complex anions and borohydride anions. This
was done by mixing Li[BH3NH2BH;NH;BH3] (sample 67a) and LiBH4in a 1 : 1 molar
ratio by ball milling (5.13). As shown in Figure 5.4-16, the PXD pattern of the post-
milled product indicated peaks from Li[BH3NH.BH;NH;BH3] and the formation of a
possible amorphous phase which cannot be characterised with PXD measurements.
Future work could be performed modifying the speed, the duration, the stoichiometry

of the reaction or applying heat.
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Figure 5.4-16 PXD pattern of the reaction product (71) of Li[BH3sNH2BH2NH2BH3]: LiBH4 (1:1), after
ball milling for 2 h. Grey spheres represent [BHsNH,BH>NH>BH3] and black triangles represent LT
— LiBH.a.

5.4.2 [LiBH4][NH3BHs] system

5.4.2.1 Powder X-ray diffraction experiments

Synthesis of compositions in the [LiBH4][NH3BH3] system was studied using
different stoichiometries of LiBH4 and NH3BHs. Table 5.2-9 shows the different
mixtures investigated in this section. Sample 72 with a molar ratio of 1 : 1 (LiBH4 :
NH3:BH3) contains three different phases (Figure 5.4-17 (c)). Two of the phases
observed have already been reported in the literature. The first corresponds to a
monoclinic unit cell, space group P21 (No. 4), with lattice parameters of a =
14.3131(11) A, b = 4.3634(5) A and ¢ = 15.3500(13) A, and B = 90.325(11) °. This phase
was assigned to a crystal structure LiBH4-NH3BH; (Figure 5.4-17 (c)).2 In the literature
it was mentioned that it was possible to isolate this phase, however it decomposes
at low temperatures, 54°C and therefore it was not considered suitable as a potential

electrolyte material.®
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Figure 5.4-17 PXD pattern of the reaction products of LiBH4 : NH3BHs mixtures (a) 3:1 (74) (b) 2:1
(73) (c) 1:1 (72). Arrows represent LiBHs-NHsBHs; black squares represent NHsBHs; black
diamonds represent Liz[BH4]2[NH3BHzs]; and black triangles represent LT — LiBHa.

More interestingly sample 73 with a 2 : 1 molar ratio (LiBH4 : NH3BH3) formed
[LiBH4]2[NH3BH3] as a single phase. The PXD pattern of sample 73 is shown in Figure
5.4-18. This phase is orthorhombic and can be indexed with the space group Pnma
(No. 62) with a = 8.3118(8) A, b = 12.428(1) A and ¢ = 6.5944(7) A.”
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Figure 5.4-18. PXD pattern of the reaction product (73) of LiBH4 : NH3BH3 (2:1). Black diamonds
represent LI2[BH4]2[NH3BH3]
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5.4.2.2 Raman spectroscopy

Raman spectroscopy is an excellent probe for the study of ammonia borane
materials. Changes in the position and appearance of new modes in the Raman
spectrum can, for example, indicate the presence of the NH3BH3 in the new

compound and the formation of a new material.

Raman spectroscopic analysis was performed on sample 73 ([LiBH4]2[NH3BH3])
and was compared with LT - LiBHs and NH3BHs. Typical Raman spectra of the
commercial LT - LiBH4 show various modes at ca. 1250 and 2300 cm™'. Commercial
ammonia borane shows various modes at ca. 800, 1250, 1600, 2300 and 3250 cm™’
(Table 5.4-1). Using this technique, the modes corresponding to N - H, B- H and N -
B can be studied. As Figure 5.4-19 shows, the stretching bands from N - H, B - H and
B - N bonds are still present in sample 73 ([LiBH4]2[NH3BH3]), indicated by the
bending modes from N - H and B - H. This confirms that ammonia borane is still
present in the crystal structure and that no decomposition has occurred during the

ball milling process.
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Figure 5.4-19.