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ABSTRACT

The replacement of the liquid electrolyte of conventional batteries with solid ionic conductors
has been presented as a promising strategy for the development of energy storage devices
(solid-state batteries) with increased safety, energy density, durability and reduced costs.
Metal-boranes have shown promising features as solid-state electrolytes, due to their high
ionic conductivity properties and good compatibility with alkali-metal anodes. However, more
research needs to be conducted in order to establish cost-effective synthetic processes and
to improve their properties as solid-state electrolytes, such as enhanced ionic conductivity at
room temperature and stability against electrode materials. Therefore, the main objectives
of this thesis are to optimise the syntheses of different metal-boranes, to work on strategies
to improve their ionic conductivity, such as mechanical modification, coordination with water
and anion mixing, to characterise and to investigate their potential to be used as solid-state
electrolytes.

MB11H14:(H20)s, (M = Li and Na) and anhydrous KB11H14 had their synthetic process optimised
via reaction of (CHs)sNHB11H14 with a strong alkaline aqueous solution of MOH (M = Li, Na or
K). All three samples decompose at temperatures higher than 200 °C with consequent release
of Ha. KB11H1a undergoes a polymorphic structural transition upon heating at ~ 130 °C from
triclinic (P1) to cubic (Fm3m). LiB11H14-(H20), and NaBi1H1a-(H20), were indexed in a cubic
polymorph (Fm3m). They exhibit high ionic conductivities at room temperature (RT), 1.8 x
10*Scm™and 1.1 x 1073 S cm™, respectively, and conductivity at sub-zero temperatures,
such as =30 °C. They also present an oxidative stability limit of 2.1 V vs. Li*/Li and 2.6 V vs.
Na*/Na, respectively. KB11H14 exhibits lower ionic conductivity results than LiB11H14:(H20), and
NaB11H14:(H20),, due to its larger cation size. This salt has its ionic conductivity enhanced after
assuming the high temperature (HT) disordered structure, and reaches 1.2 x 107* S cm™ at
150 °C. All three samples, LiB11H14:(H20)n, NaB11H14:(H20)» and KB11H14, were individually ball-
milled for 12 hours in an attempt to increase ionic conductivity properties by inducing defects
in the structure. However, only KB11H14 showed a more significant improvement of the ionic

conductivity by = 1 order of magnitude after mechanical modification.



Samples of LiB11Hi4 with different water content in the crystal structure, LiB11H14:2H,0, a-
LiB11H14:(H20)n (n < 2) and anhydrous LiB11H14, were synthesised in order to investigate the
influence of water on the properties of the material. They were prepared via reaction of
recrystallised (CH3)sNHB11H14 with an aqueous solution of LiOH. Thermal analysis of the solid
samples show that LiB11H14:2H,0 melts at = 70 °C, which classifies it as an ionic liquid, whereas
a-LiB11H14:(H20), undergoes a polymorphic phase transition near the same temperature.
Rietveld refinement of a-LiB11H14:(H20), at RT reveals that the sample is formed by a mixture
of at least three LiB11H14 polymorphic structures, and at HT, it assumes a cubic (space group
la3d) polymorphic phase. Anhydrous LiB11H14 undergoes a polymorphic phase change at 112
°C, and all three samples decompose at temperatures higher than 200 °C. The ionic
conductivity observed for all three samples at 30 °C is in the order of 10 S cm™, and only a-
LiB11H14:(H20)n reaches a liquid-like ionic conductivity at 60 °C (1.2 x 1072 S cm™) owing to its
polymorphic phase transition. The oxidative stability limit observed for a-LiB11H14:(H20)is 2.8
V vs. Li*/Li. The stability of this sample against Li metal was also assessed through
galvanostatic cycling at 60 °C with the addition of traces of either the ionic liquid (IL)
LiB11H14:2H,0 or a liquid electrolyte (LE) at their interfaces. Battery tests were also performed
using a-LiB11H1a:(H20), as the solid-state electrolyte (SSE) and TiS; as the cathode with
addition of a liquid electrolyte at the interface (Li/LE/SSE/SSE+TiS;), which retained 83% of its
capacity from its first cycle at 0.4 C after 50 cycles.

The synthesis of Na;B11H13 was optimised through reaction of recrystallised (CH3)sNHB11H14
with NaH in THF. Na11(B11H14)3(B11H13)a was also prepared in order to investigate the influence
of anion mixing on the properties of the material as SSE. The mixed-anion solid-solution was
synthesised via reaction of recrystallised (CHz)sNHB11H14 with NaOH in aqueous solution.
Na;B11H13 undergoes a polymorphic phase transition at * 170 °C, and assumes a body-centred
cubic structure, indexed in the space group Pm3n. The sample Na11(B11H14)3(B11H13)4 partially
stabilises the HT NaB11H13 polymorph at RT, which enhances its ionic conductivity. Na;B11His3
exhibits an ionic conductivity of 2.5 x 1077 S cm™ at 30 °C, whereas the mixed-anion solid-
solution Nai1(B11H14)3(B11H13)4 shows an increase of = 2 orders of magnitude at the same
temperature (4.7 x 10 S cm™ at 30 °C). This result is also higher than the ionic conductivity

observed for anhydrous NaBi1H14 at the same temperature (2 x 107 S cm™). After assuming
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the HT polymorph, Na2B11Hi13 reaches an ionic conductivity of 7.7 x 1073S cm~t at 200 °C. Both
samples exhibit an oxidative stability limit of 2.1 V vs. Na*/Na.
All metal-boranes here synthesised demonstrate promising features for further research and

application as solid-state electrolytes in batteries.
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integration of the NIMR PEAKS........uiiiiiiiiie et e e e e e e e enaees 88
Figure 3.8 FTIR transmittance spectra of solid-state (A) LiB11H14:(H20)», (B) NaB11H14:(H20)n,
and (C) KB11H14. The wide band observed at 3200 - 3800 cm™ (O-H stretching) and the sharp
band at 1610 cm™ (H-O-H bending) in (A) and (B) confirm the presence of water in the
compounds [54]. The B-H stretching frequency is identified as a sharp peak at ~ 2500 cm™
and the B-H bending mode is observed at * 1020 cm™ for all the samples [53]......c..ccue..... 89
Figure 3.9 FTIR spectra of (a) Bi1H14™ and (b) B11H130OH™ calculated at the B31LYP/aug-cc-pvdz
1YY W oY i =T A UEERR 90
Figure 3.10 TDA-MS data at m/z 18 (water) of solid-state LiB11H14:(H20),, NaB11H14:(H20),, and
KB11H14 samples. Approximately 5 mg of each compound was used for analysis and heated
from 25 to 300 °C (AT/At = 2 °C min~t) under high vacuum (< 8 x 107 mbar).......ccccvveevenenn. 91
Figure 3.11 TDA-MS data at m/z 2 (hydrogen) of solid-state LiB11H14:(H20)n, NaB11H14:(H20)n,
and KB11H1ia samples. Approximately 5 mg of each compound was used for analysis and
heated from 25 to 300 °C (AT/At = 2 °C min~!) under high vacuum (< 8 x 10~* mbar)............ 91
Figure 3.12 TGA-DSC measurement of LiB11H14:(H20), in the temperature range 100 — 250 °C
(AT/At = 10 °C min~i, Ar flow = 40 mL min~?). Approximately 7 mg of compound was used for

analysis. A mass loss of 1.5% is observed between 150 and 205 °C, which may be attributed
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to water and hydrogen release, and 2.4% between 205 and 225 °C from hydrogen release, as
a result of decomposition of the material. ........coooviiiiiiiiii e 92
Figure 3.13 TGA-DSC measurement of NaB11H14:(H20), in the temperature range 100 — 250 °C
(AT/At =10 °C min™L, Ar flow = 40 mL min). Approximately 7 mg of compound was used for
analysis. A mass loss of 1.4% is observed between 100 and 205 °C, which may be attributed
to water release, and 2.9% between 205 and 225 °C from hydrogen and water release, as a
result of decomposition of the material. ..o 92
Figure 3.14 TGA-DSC measurement of KB11H14 in the temperature range 100 — 250 °C (AT/At
=10 °C min~?, Ar flow = 40 mL min~1). Approximately 7 mg of compound was used for analysis.
The sample undergoes a phase transition at 140 °C represented by the endothermic peak on
DSC plot and loses 2.9% of mass between 200 and 220 °C from hydrogen release, as a result
of decomposition of the Material. ........ccueii i 93
Figure 3.15 DSC plots for pristine and ball-milled (B.M.) KB11H14 upon heating and cooling
between 40 and 170 °C (AT/At = 10 °C min™') under 40 mL min~! of argon flow. .................. 94
Figure 3.16 XRPD pattern for LiB11H14:(H20),, NaBiiHi4:(H20),, and KBiiHis at room
temperature. A = 1.54056 A. Asterisks at 26 = 31.8° and 45.5° in the NaB11H14+(H20), pattern
represent inadvertent NaCl contamination..........ccoccuiiiiieei e 94
Figure 3.17 XRPD data and Rietveld refinement plot for KB11H14. Experimental data as red
circles, calculated diffraction pattern as black line and the difference plot in blue. Tick marks
show positions (listed top to bottom) for (a) a-KB11H1a (P1, 86.9(2) wt%); (b) K2SOa (Pnam,
13.1(2) Wt%). Rup = 4.85. 1= 0.563476(5) A. ..ovrveeeeeeeeeeeteeeee et 97
Figure 3.18 Crystal structure of a-KB11H14 (P1). K (blue), B (green), H (white). Structure viewed
(a) along the a-axis and (b) aloNg the B-aXiS........cccueeeieiiiiii i e 98
Figure 3.19 In-situ synchrotron XRPD data of KBiiHis during heating and cooling, A =
0.563516(6) A. A reversible polymorphic phase transition is seen near 135 °C on heating and
85 °Con subsequent cooling. A minor impurity of K;SO4 is present with persistent peaks across
all teMPEratures (FEA lINE). ..ueeee ittt e e e e breee e e e e e e e s arraeeeeeeeesennnnes 99
Figure 3.20 XRPD pattern for NaB11H14:(H20), at room temperature (top), at 100 °C (centre)
and at room temperature after natural heating (bottom). The sample was mounted in a
capillary under argon atmosphere and measured with a Mo K source (A = 0.7093 A). Asterisks

at 14.5°, 20.5° and 24.2° represent inadvertent NaCl contamination. .......c.ccccevvvvnvveneeeenn. 100
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Figure 3.21 Crystal structure of LiB11H14:2H20 (C2/c). Li (blue), B (green), O (red) and H (white).
The structure is viewed along the b-axis (top) and g-axis (bottom) demonstrating the lithium
coordination that alternate along the b-axis........cccveeiiiiicccii e, 101
Figure 3.22 Solid-state ionic conductivity of NaB11H14:(CeH1403)n, LiB11H14:(H20), (before and
after B.M.), NaBi1H14:(H20), (before and after B.M.), KB11H14 (before and after B.M.), and
LIBF4/EMIBFA [59]. ueeetieiieeieeiieeteesite et e site et e s saeeteessteebeassseesseesaseessaessseenseesnseesseesnseenssennsens 105
Figure 3.23 Magnified Nyquist plot of pristine LiB11H14:(H20), (left) and NaB11H14:(H20)5 (right)
in the high-frequency region at 0, 25, aNd 50 °C.......ccocciiiieeiiiiiee e e e 106
Figure 3.24 Nyquist plot of pristine and ball-milled (B.M.) KB11H14 at 100 °C (left) and 160 °C
(right) from 100 HZ 0 1 IMHZ. c..eceeeeie ettt e et e e e stae e e e s aaa e e e s e nteeeeennes 107
Figure 3.25 TPPA of KB11H14 heated from room temperature to 170 °C (AT/At = 10 °C min™?).
A volume increase of the pellet can be observed at = 120-140 °C. .....cccocveeeeeeiecccviiieeeeeen, 108
Figure 3.26 lonic conductivity of pristine and ball-milled (two measurements) KB11H14 with
data points between 110 and 130 °C. All measurements show a drop in ionic conductivity in
this range of temperature, which is associated to the order-disorder phase transition......109
Figure 3.27 Arrhenius plots of ionic conductivities of LiB11H14:(H20)s, NaBi1H1a:(H20),, and
NaBi11H14:(CsH1403)n compared with other Li (left) and Na (right) single anion boron-hydrogen
materials: LiCB11H12 [70], LiCBoH1o [9], LiBH4 [22], Li2B12H12 [71], LiNaB1aH1; [72], Li-7-CB1oH1s
[21], NaCB11H12 [70], NazB12H12 [22], Na2BioH10 [69], NaBH4 [69], Na-7-CB1oH13 [21], Na-7,8-
C2BgH1; [21], NaCBgH1o [20]. NaB11H14 (A) and (C) are the commercial version of NaB11H14 that
were obtained from two different batches [21], and (B) is a sample of NaBiiHi4 that was
synthesised using decaborane [25]. The solid lines represent the ionic conductivity of the
materials synthesised in this WOrkK..........cuuviiiiii i 111
Figure 3.28 Arrhenius plots of ionic conductivities of LiB11H14:(H20),, NaB11H14:(H20),, and
NaB11H14:(CsH1403), compared with other Li (left) [9,73,74] and Na (right) [1,25,75-78] mixed
anion boron-hydrogen solid-state electrolytes. The solid lines represent the ionic conductivity
of the materials synthesised in this WOrk. ..o 112
Figure 3.29 Linear Sweep Voltammograms of (A) Li/LiB11H14:(H20)n/LiB11H14:(H20)n+C/Pt/Al
and (B) Na/NaBi11H14:(H20)n/NaB11H14:(H20)n+C/Pt/Al cells at a scan rate of 50 pV s™* at 60 °C
between 1.5 and 8.0 V (15t run) and 1.5 and 4.5 V (2" run). The black dashed lines represent
the linear regression lines fitted to the background and to the anodic current to obtain the

OXidation POLENTIAL. ... e e e e e e e e e e e e e e e eean 113



Figure 3.30 Linear Sweep Voltammogram of Li/LiBH4/LiBH4+C/Pt/Al cell at a scan rate of 50
1V s7! at 60 °C between 1.5 and 4.5 V. The black dashed lines represent the linear regression

lines fitted to the background and to the anodic current to obtain the oxidation potential.

Figure 3.31 XRPD profiles of LiB1iH1a:(H20), (left) and NaBiiHia(H20), (right) at room
temperature before (black) and after (red) second run of LSV experiment. Asterisks at 20 =
30.2°in the LiB11H14:(H20)n and at 31.8° in the NaBi1H14:(H20)n patterns represent inadvertent
LiCl and NaCl contamination, reSpectively. ... 115
Figure 4.1 Raman spectra of solid-state LiB11H14:2H20 (black), a-LiB11H14:(H20), (red), and
TS T E T = =TT o ) PR 136
Figure 4.2 'B{*H} NMR spectra (128 MHz) of LiB11H14-2H20 (black), a-LiB11H1a:(H20), (red),
and LiB11H14 (green) in CD3CN. The resonances at 6 = -14.2, -16.0 and -16.8 ppm that are
observed in all spectra are due to B11H14™. B11H130H™ (6 = 18.8, -9.6, -10.7, -23.3, -29.1, and
-40.0 ppm) can be identified in the spectra of LiB11H14 by small intensity peaks. ............... 137
Figure 4.3 B{*H} NMR spectra (128 MHz) of filtrate in CD3CN (top) and precipitate in D,0O
(bottom) after mixing a-LiB11H1a:(H20), in acetonitrile. The B{*H} NMR spectrum of the
filtrate shows the presence of Bi11Hia™ anion (6 = -14.2, -16.0 and -16.8 ppm), whereas the
precipitate shows the presence of a borate species at 11.8 ppm......ccccvveeevvvciiereciiieeee e, 138
Figure 4.4 Solid-state 'B MAS NMR spectra of a-LiB11H14:(H20), (red) and b-LiB11H1a:(H20)n
(black), which was added for comparison to show the position of Bi11H14" (6 = -15.4 and -17.7
ppm), at RT [42,54]. The presence of a borate species can be seen in the spectrum of a-
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Figure 4.5 XRPD pattern for LiB11H14:2H,0, a-LiB11H14:(H20)s, and LiBiiHisa at room
temperature with magnified insets in the range of 26 = 12 —22°. A = 1.54056 A................ 140
Figure 4.6 XRPD (A = 1.54056 A) pattern (left) and B{*H} NMR spectrum (128 MHz) in D;0
(right) for the product of the reaction of LiOH and H3BOs at RT. Red stars in the XRPD pattern
at 26 =20.5° and 32.6° represent unreacted LiOH and the broad diffraction halos at = 10° and
~ 20° 26 are due to the sample holder, but may mask other amorphous halos................. 141
Figure 4.7 XRPD (A = 1.54056 A) and Rietveld refinement of LiB11H14:2H20. Rup = 3.71 %. Green
and blue lines represent Bragg position from space group C2/c (LiB11H14:2H20) [42], 97.0(3)
wt%, and the indexed space group Pbcn (LiB11H1a:(H20)»), 3.0(3) wt%, respectively........... 142
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Figure 4.8 DSC/TGA measurement of LiB11H14:2H,0 in the temperature range 30 — 300 °C
(AT/At = 10 °C min~%, Ar flow = 40 mL min1). Approximately 7 mg of sample was used for
analysis. The melting event is characterised by the endothermic feature at 73 °C, and the
exothermic peak at 233 °C represents its decomposition accompanied by a mass loss of
L2.5(2) 0. cueeeeeeeeeeet ettt b e s ar e e b e r e be e s r e e he e e neenneenarean 142
Figure 4.9 TPPA of LiB11H14:2H20 heated from RT to 230 °C (AT/At = 10 °C min~?). The sample
starts melting at = 60 °C, solidifies again upon heating, and starts decomposing at = 220 °C,
when it becomes a YelloOW SOlId. .......uiiiiiiiiii i e e 143
Figure 4.10 Left: SR-XRPD (A = 0.590827(4) A) and Rietveld refinement of sample a-
LiB11H14-(H20)s at RT, Rwp = 5.37%. Brown, green and blue lines indicate Bragg positions from
space groups Pbca (LiB11H14) [32], 70.0(1) wt%, C2/c (LiB11H14-:2H20) [42], 4.10(11) wt%, and
the indexed space group Pbcn (LiB11H14:(H20)n), 25.9(1) wt%, respectively. Right: SR-XRPD (A
= 0.590827(4) A) and Rietveld refinement of a-LiB11H14-(H20)» at 100 °C, Rwp = 3.08%. Blue
lines indicate Bragg position from space group 1a3d. .......ccoooviiiiiieeiie i, 144
Figure 4.11 (A) In-situ SR-XRPD data of a-LiB11H14:(H20)n during heating (5 °C min~?) and
cooling (6 °C min~?1). A reversible polymorphic phase transition occurs at ~ 70 °C on heating
and at = 55 °C on subsequent cooling. Red line represents temperature. (B) SR-XRPD patterns
of HT (high temperature) a-LiB11H14:(H20), at 100 °C (red) and RT (room temperature) a-
LiB11H14:(H20)n (B1ack). A = 0.590827(4) A .ot 145
Figure 4.12 DSC/TGA measurement of a-LiB11H14:(H20)n in the temperature range 30 — 300 °C
(AT/At = 10 °C min~%, Ar flow = 40 mL min~1). Approximately 7 mg of sample was used for
analysis. The phase change event is characterised by the endothermic feature at 70 °C, and
the exothermic peak at 225 °C represents its decomposition accompanied by a mass loss of
BB 8)%0. ettt bbbttt h e et eebe e st e e ehe e e bt e nhe e ereenneeenreenee 146
Figure 4.13 TPPA of a-LiB11H14:(H20)n heated from RT to 220 °C (AT/At = 10 °C min™). The
sample changes phase near 70 °C, and it does not melt. The pellet expands and keeps its solid
shape upon heating. It starts decomposing at = 215 °C, when it becomes a yellow solid. ..147
Figure 4.14 XRPD (A = 1.54056 A) and Rietveld refinement of LiB11H14. Rwp = 4.05%. Blue lines
represent Bragg position from space group PHCA [32]..uuueieeeieiicimreeeeeeeeeieeirreeeeeeeeeeenvveeen. 148
Figure 4.15 DSC/TGA measurement of LiB11H14 in the temperature range 30 — 300 °C (AT/At =

10 °C min?, Ar flow = 40 mL min~2). Approximately 7 mg of sample was used for analysis. The
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phase change event is characterised by the endothermic feature at 112 °C, and the
exothermic peak at 211 °C represents its decomposition accompanied by a mass loss of
LBl 2) . ettt et e bt e n e s et e n e e neenneenareen 148
Figure 4.16 A) Solid-state ionic conductivity of LiB11H14:2H,0 (green), a-LiB11H1a:(H20), (red),
and LiB11H1a (blue), as a function of temperature. Dehydrated LiB1iHia (brown) [32], b-
LiB11H14:(H20)n (orange) [42], and ionic liquid electrolyte LiBF4/EMIBF4 (grey) [24] are plotted
for comparison. The solid lines denote the ionic conductivity of the materials synthesised in
this work. Closed and open symbols represent heating and cooling regimes, respectively. B)
Solid-state ionic conductivity of a-LiBi11H14:(H20), over four cycles of heating and cooling
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Figure 4.17 A) Equivalent circuit model used to fit impedance data (R1+Q1/R2+Wo), where
R1isthe internal resistance, R2 is the surface-layer resistance, CPE1 (Q1) is the constant phase
element and Wol1l is the open Warburg element [75,76]. B) Nyquist plots of the Au-symmetric
cell for a-LiB11H1a:(H20)n @t 30 @and 90 “Cu...coovviniiiiieeiee ettt esanbaeee e e e e e 151
Figure 4.18 Solid-state ionic conductivity of a-LiB11H14:(H20)n compared with other lithium
boron-hydrogen salts [28—32,35,42,78]. ...uuuuueieeeeiieeiiiieeeee e e eecerreee e e e e e e eesnrree e e e e e e s eenareaeeas 154
Figure 4.19 Left: In-situ SR-XRPD (A = 0.563516(6) A) data of b-LiB11H14+(H20)n during cooling
at 1 °Cmin~L. No significant change can be observed in the temperature range used to conduct
the experiment (RT to -175 °C). Red line represents temperature. Right: 'B spin-lattice
relaxation rates of b-LiBi11H14:(H20)n as a function of inverse temperature. The solid line
represents the best model fit to a relaxation model considering two types of dynamic
processes with different activation energies and a temperature-independent contribution to
relaxation due to interactions with paramagnetic impurities in the sample. ....................... 155
Figure 4.20 Linear Sweep Voltammogram of Li/a-LiB11H1a:(H20)n/a-LiB11H14:(H20)n+C/Pt/Al
cells at a scan rate of 50 puV s™* at 30 °C between 1.6 and 5.2 V (1%t cycle) and 1.6 and 5.1 V
(2" cycle). The oxidative limit was estimated by the interception of the red dashed lines,
which represent the linear regression lines of the background and the anodic current......156
Figure 4.21 Galvanostatic cycling profiles at 60 °C with a current density of 25 and 50 pA cm-
2 for 1 h in each direction of a Li/a-LiBi1H14:(H20)n/Li coin cell (grey), Li/LE/a-
LiB11H14-(H20)n/LE/Li Swagelok-type cell (black), and Li/IL/a-LiB11H1a:(H20)./IL/Li Swagelok-
type cell (red), where LE stands for liquid electrolyte (1.0 M LiPFs EC/DMC) and IL is ionic liquid
(LIB11H14"2H20). ettt ettt ettt ettt et e b e he e e neenaeeeareas 158
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Figure 4.22 Endurable time control measurement used to identify the critical current density
of the Li/a-LiB11H1a:(H20),/Li symmetric cell at 60 °C from 25 to 775 pA cm™. Short circuit
failure happens at 775 pA cm?, therefore the CCD is determined to be 750 pA cm™. ........ 159
Figure 4.23 Nyquist plots of the Li-symmetric cell (Swagelok-type) for a-LiB11H14:(H20)n after
1 hour stabilisation at 60 °C with (right) and without (left) addition of the ionic liquid
(LiB11H14:2H20) at the interface Li/SSE. Data was fitted using the equivalent circuit model
(R1+Q1/R2+W0) presented in Fig. 4.17A. ...ttt eetee et eevee e vee e eaneeens 160
Figure 4.24 A) Schematic representation of the solid-state battery Li/LE/a-LiB11H14:(H20)n/a-
LiB11H14:(H20),+TiS2 in a Swagelok-type cell. B) Discharge/charge profiles at 0.05, 0.1, 0.2, 0.3
and 0.4 C(1.7-2.5V) at 60 °C. C) Capacity retention at different C-rates. D) Discharge/charge
profiles at 0.4 C for 50 cycles at 60 °C after being initially cycled at 0.05, 0.1, 0.2 and 0.3 C. E)
Coulombic efficiency and discharge specific capacity at 0.1 C for the first 6 cycles and at 0.2 C
from the 71 10 the 65 CYCIE. c.viivieeeeeceeeceeeeeeee ettt 163
Figure 4.25 A) Schematic representation of the solid-state battery Li/IL/a-LiB11H14:(H20)./IL/a-
LiB11H14:(H20),+TiS2in a Swagelok-type cell. B) Discharge/charge profiles at 0.05, 0.1, 0.2, 0.3
and 0.4 C (1.7 - 2.5 V) at 60 °C. C) Capacity retention at different C-rates compared to the cell
of Li/LE/a-LiB11H14:(H20)n/a-LiB11H14:(H20),+TiS;. D) Discharge/charge profiles at 0.4 C for 50
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Figure 5.1 Solid-state !B MAS NMR spectra of NaBi1H14:(H20)n, Nai1(B11H14)3(B11H13)s and
NazBi11H13 at room temperature. & (Bi1H14™) = =15.2 and -17.9 ppm, and & (B11H13?") = -21.5
T aTo I 320 A o o o o VOSSR 184
Figure 5.2 1B NMR (left) and *B{*H} NMR (right) spectra (128 MHz) of Na11(B11H14)3(B11H13)a
and NazBi1Hizin DO at room temperature. 6 (B11Hi47) = -15.1, -16.2 and -17.3 ppm, and 6
(B11H13%) = -20.6 and -31.8 ppm. The peak observed at the resonance 14.6 ppm for
Na11(B11H14)3(B11H13)a is assigned to a boron oxide species formed as a by-product........... 185
Figure 5.3 XRPD pattern (A = 1.54056 R) for Naii(Bi1H14)3(B11H13)a, NazBi:Hiz and
NaBi1H14:(H20), [11] (added for comparison) at room temperature. Asterisk at 26 = 31.8° in

the NaB11H14:(H20), pattern represent inadvertent NaCl contamination from synthesis [11].

Figure 5.4 XRPD pattern (A = 1.54056 A) for Nai1(B11H14)3(B11H13)s and NaBi1Hi3 at room
temperature and simulated diffraction lines for NaOH [49] and NaH [50] that were obtained

from the Crystallography Open Database (COD) [51-56]. Data show that there is no evidence
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for remanent crystalline NaOH in the sample of Nai1(Bi1H14)3(B11H13)s, neither remanent
crystalline NaH in the Na2B11H13 POWE........uviiiiiiiiie et 187
Figure 5.5 Solid-state B MAS NMR spectra of Nai1(B11H14)3(B11H13)4 at room temperature
with magnified region from 30 to -5 ppm. § (B11H147) =-15.2 and -17.9 ppm, § (B11H13%) =-21.5
and -32.2 ppm. The peaks observed between 10 and 22 ppm, and the peak at = 1 ppm are
assigned to a boron oxide species (by-product) formed with BO3 and BOa units, respectively
0 12 ] PRSPPI 188
Figure 5.6 'H NMR spectrum (400 MHz) of Na;B11H13 in D20. 6 (D20) = 4.6 ppm [66], & (THF) =
1.7 and 3.6 ppm [65,66], and & (B11H13%) = -0.6 = 1.5 PPM. c.eevvrereerieirieieereeerecre e v 189
Figure 5.7 Left: In-situ SR-XRPD data (A = 0.590827(4) A) of NazB11H13 during heating (5 °C
min~1) and cooling (6 °C min~2). A reversible polymorphic phase transition is seen at ~ 170 °C
on heating and 90 °C on subsequent cooling. Red line represents temperature. Right: DSC plot
(AT/At =10 °C min~%, Ar flow = 40 mL min™!) for Na;B11H13 upon heating and cooling between
L0 I Yo Vo [ 4 0 R GO PRI 190
Figure 5.8 DSC/TGA measurement for NaBiiHi3 in the temperature range 50 — 350 °C.
Approximately 5 mg of sample was used for the analysis (AT/At = 10 °C min~%, Ar flow = 40 mL
min~1). A mass loss of 5.5(2) wt% is observed between 80 and 220 °C and 3.1(2) wt% between
220 N0 340 °Cl ettt e e st e e e e b bt e e e sttt e e e s anbteeeesareeeeenbraeeeaanne 191
Figure 5.9 Left: 'H NMR spectrum (400 MHz) of Na;Bi11H13 in D,0O after a DSC/TGA experiment
heated to 220 °C. 6 (D20) = 4.6 ppm [66], and 6 (B11H13*) =-0.6 — 1.5 ppm. Right: 1B {*H} NMR
spectrum (128 MHz) of the same sample in D;0. 6§ (B11H14) =-15.3, -16.2 and -17.3 ppm, and
8 (B11H132) = -20.6 N -31.7 PPM [L1] wvrreeeeeeeee et et et et eees e se e neeeeeeeneae 191
Figure 5.10 SR-XRPD patterns (A = 0.590827(4) A) for Na;B11H13 at 30 °C BH (before heating),
30 °C AH (after heating), 140 °C and 200 °C (during in-situ heating experiment)................. 192
Figure 5.11 SR-XRPD (A = 0.590827(4) A) and Rietveld refinement of NayB11Hi3 at 200 °C
(heating). Experimental data as black line, calculated diffraction pattern as red line, and

difference plot in grey. Blue tick marks represent Bragg position from space group Pm3n. Rup

Figure 5.12 XRPD pattern (A = 1.54056 A) for Nai1(B11H14)3(B11H13)s at room temperature
(blue), and SR-PXD data (A = 0.590827(4) A) for NazBi1H13 at 200 °C (black) and at room
temperature after being heated to 220 °C (red). Dashed lines at 1.05, 1.17 A~ (RT polymorph)

and at 1.13 A! (HT polymorph) were added to show the similarities between the
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diffractograms. The diffractograms were plotted with the x-axis in scattering vector to
compare XRPD results obtained using different wavelengths. .........cccccoeviieiiniiiiiiniiieennns 194
Figure 5.13 Top: SR-XRPD (A = 0.590827(4) A) and Rietveld refinement of NaB11H13 at 200 °C
(heating). Rwp = 2.93%. Bottom: XRPD pattern (A = 1.54056 A) and partial Rietveld refinement
for Na11(B11H14)3(B11H13)s at room temperature. Peaks at Q = 1.05 and 1.17 A~! were fitted
using simple peak functions and are not indexed or based on a crystal structure. Rwp = 3.44%.
Experimental data, calculated diffraction pattern and difference plot are shown in black, red
and grey, respectively. Blue tick marks represent Bragg position from space group Pm3n for
both samples. The diffractograms were plotted with the x-axis in scattering vector to compare
XRPD results that were obtained using different wavelengths.........cccccooeeiiiiiiiieeeecieee. 195
Figure 5.14 DSC/TGA measurement for Nai1(B11H14)3(B11H13)a in the temperature range 50 —
350 °C. Approximately 5 mg of the sample was used (AT/At = 10 °C min, Ar flow = 40 mL
PTHNT0) L ettt ettt ettt et et ettt et e et e teebeeaeeaeeae et et e beeteeteeteeaeeaeensentetenrenteas 196
Figure 5.15 DSC plots for NaB11H14:(H20),,[11] Na11(B11H14)3(B11H13)a and NazB11H13 from 50 —
350 °C. Approximately 5 mg of each sample was used (AT/At = 10 °C min~%, Ar flow = 40 mL
min~1). The exothermic event occurs at a higher temperature as the Bi1;Hi4™ content in the
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Figure 5.16 Solid-state ionic conductivity of NazB11H13and Nai1(B11H14)3(B11H13)4 as a function
of temperature compared to other sodium single anion (left) [11,12,14,15,27,43,70,71] and
mixed anion (right) [22,23,29,31,70,72] hydridoborate materials. bcc-NaCB11H1, represents
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CHAPTER 1

Introduction and  Literature

Review




1.1 RENEWABLE ENERGY AND ENERGY STORAGE

The increasing impact of global warming and the limited supply of fossil fuels have led
governments around the world to work on a transition towards a low-carbon economy with
consequent development of the renewable energy sector [1]. As such, an international
climate agreement applicable to all nations, called the Paris Agreement, was set in 2015,
which seeks to limit global warming at 1.5 — 2.0 °C, compared to pre-industrial levels [2].
Moreover, the European Union has proposed to achieve a reduction of the greenhouse gas
emissions by 80 - 95%, relative to 1990 levels, by mid-century [3]. As a result, there has been
an increase in renewable energy generation capacity worldwide over the years, with an
addition of 257 GW in 2021, which brings to a total of 3,064 GW of renewable power capacity
around the world (Fig. 1.1) [4].
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Figure 1.1. Renewable power capacity increase worldwide from 2016 to 2021. Data was obtained from

IRENA’s renewable energy statistics [4].

Although the use of renewable energy sources is growing, their intermittent nature remains
a problem, which hinders their potential to become the main supplier of electricity and to
replace fossil fuel baseload power generation [1]. This problem can be solved by storing
excess renewable electrical energy in energy storage technologies, which are usually split into
five categories: mechanical, electrochemical, electrical, chemical, and thermal energy storage

(Fig. 1.2).
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Figure 1.2. Types of energy storage technologies based on the kind of stored energy and examples.
PCM and CSP stand for Phase Change Materials and Concentrated Solar Power, respectively.

Reproduced with permission [5]. Copyright 2018, Elsevier.

Each of the electrical energy storage devices present particularities that can be advantageous
or not depending on the situation to be used and operational parameters, such as small or
large-scale storage capacity, short or long-term storage requirement, portability, cost and
others [5]. Among the types of energy storage, electrochemical batteries are considered
mature technologies that provide portability and flexibility, as they can be easily installed in
different areas in small quantities for small-scale purpose or as several battery units for grid-
scale [6]. Compared to other types of energy storage and generation, batteries also have the
ability to quickly respond to fluctuations from renewable energy by providing a stable grid
almost instantly [6—8]. Besides that, batteries have been on the market for several years, they
are easy to manufacture, and they present relatively high energy density and long cycle life
[7,8].

All electrochemical batteries are simple in concept and their working principles are similar to
each other. They are formed by two electrodes (an anode and a cathode), which are
connected with an electrolyte (an ionic conductor material) and with an external circuit (an
electrical conductor material) [9]. Upon discharge, the anode oxidises, releasing ions that
migrate through the electrolyte to the cathode. This process simultaneously forms a current
that flows through an external electrical circuit (also from the anode to the cathode),
generating power by charge balancing the ion flow [9] (Fig. 1.3). In rechargeable, or
secondary, batteries this process can be reversed. During charging, the ions migrate in the
opposite way through the electrolyte, from the cathode to the anode, driven by an external

potential difference and electrical current [9,10].
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Figure 1.3. Schematic representation of a conventional battery with a liquid electrolyte. Upon

discharge the ions and electrons flow from the anode to the cathode.

The most common secondary batteries are shown in Fig. 1.4, with their respective chemistry

and invention year.
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Figure 1.4. Type of rechargeable batteries and their respective year of creation, type of electrode
materials and electrochemical reactions. Reproduced and adapted with permission [9]. Copyright

2008, Springer Nature.

The most mature rechargeable battery is the lead-acid battery. Created in 1859, this type of
electrochemical device is still widely employed in vehicles. They present low cost, and high

efficiency, but low energy density, slow charge-rate, limited temperature operability and



environmental issues [5]. Nickel-based batteries have also been on the market for a long time,
however their high cost and the environmental impact that the heavy metals (cadmium and
nickel) can cause inhibit their use for grid energy storage applications [5].

Among the different types of secondary batteries, lithium-ion batteries, which have been on
the market for ~ 30 years and have been powering several electronic devices, such as laptops,
cellphones and electric vehicles, are seen as one of the most promising solutions for energy
storage applications [5]. They present high energy efficiency, and low maintenance
requirements, however these kind of batteries exhibit elevated cost (~ $132/kWh in 2021)
[1,5,11,12]. The price of an electric vehicle (EV) battery should be below $100/kWh, ideally
S$80/kWh, for EVs to be produced and sold at a similar price as internal combustion vehicles
[11,13]. The cost of Li-ion batteries is also related to the price of lithium metal, which has
increased ~ 500% between January 2021 and January 2022, owing to the growing demand
from electric vehicles [14]. Besides that, Li-ion batteries employ an organic solvent as liquid
electrolyte, which brings safety concerns, limits the operational temperature range and
reduces energy density [12,15]. Therefore, research has been conducted on the development
of batteries that use more abundant and cheaper metals than lithium, such as sodium (Na).
The sodium-sulphur (Na-S) battery is a type of electronic device that uses molten Na as the
anode, molten sulphur as the cathode and sodium B-alumina (NaAl11017) as a solid electrolyte

(Fig. 1.5) [5,8].
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Figure 1.5. Schematic representation of a sodium-sulphur battery with its main components.

Reproduced with permission [5]. Copyright 2018, Elsevier.



Na-S batteries operate at high temperatures (300 — 350 °C) to ensure the electrodes are in
the liquid state and good ionic conductivity of the electrolyte. These batteries present high
energy and power density, high durability and low manufacturing cost. However, they exhibit
severe safety issues, as they possess high risks of fire and explosion if the electrodes come
into contact with one another. Moreover, Na-S batteries also present high operation and
maintenance costs [5,8].

All current generation of batteries present disadvantages that hinder their application as
electrical energy storage devices. Research on the development of batteries that possess
higher energy storage capacity, durability, safety and lower costs is necessary not only for the
growth of the renewable energy sector, but also for the development of electronic devices
with more processing power and for the production of electric vehicles with reduced costs,
for example [9]. A type of device that promises to fulfil several of the requirements necessary
for large-scale energy storage applications is the solid-state batteries, which have been seen

as a promising alternative to become the next generation of batteries.

1.2 SOLID-STATE BATTERIES

The replacement of the liquid electrolyte with a solid material is a potential alternative for
the development of batteries with increased energy storage capacity, as the solid electrolyte
promises compatibility with anode materials that possess high theoretical capacity, such as
pure Li (3860 mAh g?) [16] and Na (1165 mAh g) metals [17,18].

The conventional lithium-ion batteries use Li intercalated in graphite as the anode (Fig. 1.6)
that reaches a maximum of 372 mAh g?, by formation of the LiCs intercalation compound,
which is about 10 times lower than the theoretical gravimetric capacity of pure Li metal,

significantly reducing the energy density of the cell [19].
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Figure 1.6. Schematic representation of a Li-ion battery. Li intercalated in the layers of graphene is
used as the anode, and a layered structure of LiCoO; is used as the cathode. An organic liquid
electrolyte is used to move Li* between the electrodes. Reproduced with permission [5]. Copyright

2018, Elsevier.

The replacement of the flammable liquid electrolyte with an electrochemical stable solid
component would enhance safety, facilitate the production of batteries in smaller sizes,
eliminate the risks of leaking, and enhance thermal stability, allowing the use of the device in
places with extreme weather [15,20,21]. Fig. 1.7 shows a schematic representation of a solid-
state battery (SSB), which is formed by the replacement of the liquid electrolyte from

conventional batteries with a solid ionic conductor material.
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Figure 1.7. Schematic representation of a battery with a solid electrolyte constituting a SSB. During

discharge the ions and electrons flow from the anode to the cathode.

The development of solid-state batteries relies on the research of solid materials that can

meet the requirements to be used as electrolytes, such as liquid-like ionic conductivity (=~ 1



mS cm™ at room temperature), high electrochemical stability, good mechanical properties,

low electronic conductivity, environmental friendliness, low cost, and others (Fig. 1.8) [18,22].

Charge Discharge

= Cathode o

Solid-state electrolyte

g YYY
3 o aa - .
e AT a Q %l ¥ A
—a\o— | S
@@@ High ionic  / % J High ) Good

; / / hanical / Compatible /
- Hiahstability 4 transference |, mec : p
. g%%é%&: COﬂdUCtIV/I(/Xv/ igh sta )llw/x, mtmbqg,f" propertz/ﬂ/ interfacg///
& f f : f o
Y ) / /
" ) O ) 4
Wid 4 S .

Inhibiting electvoclhzmxcal High electronic Environmental Easy
dendrites Window, resistance friendliness, preparation,

Anode

Q

Figure 1.8. Schematic representation of a solid-state battery with the main requirements for a
material to be used as solid-state electrolyte in practical applications. Reproduced with permission

[22]. Copyright 2018, Elsevier.

The migration of cations through liquid electrolytes is facilitated by the solvent medium and
the solvation shell that forms around the ion, as well as dissolved salts that can work as ionic
carriers. In contrast, the diffusion of cations in solid-state electrolytes is usually dependent on
the amount of defects in the structure, however the ion-transport mechanisms depend on
the type of material that forms the solid [20]. The cation movement in solid inorganic
compounds can occur through vacancies (Schottky-type) and interstitial (Frenkel-type)
defects of the crystal structure and through free space at grain boundaries as shown in Fig.
1.9A [22-24]. Another common mechanism of cation transport is known as paddle-wheel, in
which the high anion reorientation dynamics can lower the activation energy for cation
hopping and facilitate the migration of the cation through the structure, as usually seen in

boron-hydrogen materials (Fig. 1.9B) [25].
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Figure 1.9. A) Schematic representation of cation migration in solid inorganic electrolytes through
Schottky (vacancies) and Frenkel (interstitial) defects and grain boundary. Reproduced and adapted
with permission [23]. Copyright 2020, Springer Nature. B) Paddle-wheel mechanism represented by
the anion reorientation dynamics of a Bi;H1,> structure. Reproduced and adapted with permission

[26]. Copyright 2017, American Chemical Society.

Besides the challenges associated with the development of suitable solid-state electrolytes
(SSE), the solid-solid interface between SSE-electrodes is also another important field of
research that needs to be considered for practical application of solid-state batteries [27,28].
As well as liquid-electrolytes, solid-state materials can also be susceptible to dendrite
formation against Li and Na metal, which can lead to a short circuit of the battery [17,29]. Liu
et al. [30] recently reported that the phenomenon of dendrite formation and growth in Li-
batteries with polycrystalline solid-state ceramic electrolytes, as in LizLasZr,01, is based on
the formation and propagation of Li filaments at the grain boundaries, which differs from
what is observed in liquid electrolytes, where dendrite formation always start at the interface
between Li/electrolyte (Fig. 1.10). It was found that due to the small bandgap presented by
grain boundaries (1 — 3 eV), they can become a source of electrons from current leakage. Li*
ions can then be reduced prematurely by the electrons from the grain boundaries of the solid-
state electrolyte before reaching the cathode with consequent formation of Li filaments. The
interconnection of the filaments propagates into the structure, which leads to battery failure
[30]. The same mechanism of dendrite formation and growth has also been reported for LiBH4

as solid-state electrolyte [31].
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Figure 1.10. Schematic representation of lithium dendrite formation and penetration in liquid-
electrolyte-batteries (A, B) and solid-state electrolyte batteries (C, D). The reduction of Li* ions at the
grain boundaries, which can become a pathway for electrons (yellow) owing to their small band-gap,
of a solid-state polycrystalline electrolyte forms Li filaments (blue), which propagates and lead to a

short circuit. Reproduced with permission [30]. Copyright 2021, Springer Nature.

Another challenge associated with the development of solid-state batteries is electrode-
electrolyte contact loss, which can increase upon cycling, especially at high current densities
[28,32,33]. Stripping of pure lithium metal generates vacancy sites in the Li electrode, which
accumulates with time by forming voids at the Li-SSE interface. These voids reduce interfacial
contact between electrode-electrolyte. At a constant current, there is an increase in the local
current density leading to concentrated Li-ion flux at the remaining contact points, which

further increases the contact loss (Fig. 1.11) [28,32].

Li
vacancies

Li electrode

Low current density

High current density

Figure 1.11. Schematic representation of Li stripping at a constant current in a Li/SSE system. Li* ions
are injected into the SSE, which can form Li vacancies in the electrode. Vacancy accumulation near the
interface leads to the formation of large voids and reduced Li/SSE contact points, which concentrates

current and accelerates contact loss. Reproduced with permission [32]. Copyright 2020, Elsevier.
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The search for materials that can effectively work as solid-state electrolytes by fulfilling all the

requirements presented in Fig. 1.8, by presenting good electrode compatibility and by
reducing the production, operability and maintenance costs is a challenge and further
research is required. Sulphides [34], oxides [35], polymers [36] and more recently, metal-
boranes [37] are types of materials that have been investigated for applications as solid-state

electrolytes. Fig. 1.12 summarises the main advantages and disadvantages observed for each

class of material.
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Figure 1.12. Summary of the properties observed for the main classes of materials investigated for
application as solid-state electrolytes. ESW, PEO and ASSB stand for Electrochemical Stability Window,

Polyethylene Oxide, and All-Solid-State-Batteries, respectively. Reproduced with permission [18].

Copyright 2020, Elsevier.
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Sulphide-based compounds have attracted great interest from researchers due to their
superionic conductivity properties at room temperature (> 10 mS cm) [38,39], sometimes
even higher than the liquid electrolytes, however their low chemical stability in air and their
low electrochemical stability against Li and Na metals hinder their practical application as
solid-state electrolytes [18,40,41]. Certain oxide-based ceramics also present high ionic
conductivity properties at room temperature, however electrode-electrolyte interfacial
issues and high processing costs are their downsides [21,42]. Polymers have also been
investigated as potential solid-state electrolytes, but they usually present low ionic
conductivity and poor electrode compatibility [43—45]. Boron-hydrogen salts, also known as
hydroborates, are now emerging as a potential class of solid-state electrolytes [18,37,46]
owing to the promising combination of properties they exhibit (Fig. 1.12), as further

discussed.

1.3 BORANES — AN OVERVIEW

Boron (B) is an element from group 13 of the periodic table and is the only non-metal within
this family. The chemical properties of boron mostly differ from the elements from its group
and share more similarities with neighbours carbon (C) and silicon (Si), elements from the
adjacent group 14, owing to the boron’s tendency to form covalent bonds, as in boranes (e.g.
BsHs), and oxide structures, as in borates (e.g. [B30e]*) [24,47].

Boron covalently bonds with hydrogen to form bridging (B—H—B) or terminal bonding (B—H or
B—H, or B—H3s) [46]. The hydrogen-bridging bond is an important characteristic from boron
chemistry, which is usually unseen in carbon chemistry, and allows the formation of a great
variety of boron-clusters with different properties [47]. Boron can also form compounds with
carbon, which yields a large family of B—C clusters called carboranes, with nitrogen, such as
ammonia borane (NH3BHs), and with metals, also knowns as metallaboranes [24].

Boron clusters can be neutrally charged or ionic, and they are usually classified in three
different families according to their structure, closo, nido and arachno-boranes. The closo-
boranes are the most stable group of boron cluster with a closed polyhedral cage-like
structure and formula B,H,? (n = 5 — 12). The nido-boranes are formed with 1 empty corner,
present a ‘nest-like’ structure and general formula B,H,*, and the less stable structure is
called arachno-boranes due to their cage’s similarity with spiders’ webs. They have a formula

BsHn® and 2 empty corners (Fig. 1.13) [24,46,47].
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Figure 1.13. The three most common classes of borane structures: closo-boranes, as in B12H12%, nido-
boranes, as in B1;H13%, and arachno-boranes, as in BioH1s. Reproduced and adapted with permission.

[48]. Copyright 2009, Springer Nature.

It is believed that the study of boranes started about 120 years ago, but a boom in the
research of these compounds happened only in the 1950s with support from the U.S. and
Soviet Union governments to develop high-energy fuels for military purposes [46]. By this
time, it was found that more energy is released from the combustion of boranes than
hydrocarbon fuels, and boron-hydrogen materials were considered promising powerful
propellants for rockets and aircrafts [46]. However, increasing research has revealed that the
applications of boranes go beyond military purposes, and these compounds are also used in
chemical reactions as reducing agents, in the medicine for cancer treatment and in the energy
sector [46]. As such, sodium borohydride (NaBHa) is widely used in organic reactions for the
reduction of aldehydes and ketones in their corresponding alcohols [49]. 1°B, one of the boron
isotopes, has high neutron absorption properties, and boranes have been used on boron
neutron capture therapy (BNCT) for the treatment of cancer [50]. NaBHs and ammonia borane
(NH3BH3s) have been studied as materials for hydrogen storage and fuels for fuel cells [51].
Several metal boranes and carboranes have shown high ionic conductivity properties,
especially after assuming a disordered polymorphic structure at high temperatures, and now,
increasing research has been conducted for the development of batteries with boron clusters

as solid-state electrolytes [52].
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1.4 BORANES AS SOLID-STATE ELECTROLYTES

In 2007, Matsuo et al. [53] reported an unusual phenomenon observed for the ionic
conductivity of LiBH4 upon heating. They demonstrated that the Li* conductivity of LiBH4
increased 5 orders of magnitude from 108 Scm™ at ~30°Cto 103Scm™ at ~ 120 °Cdue to a
structural transition from orthorhombic (low temperature phase) to hexagonal polymorph
(high temperature phase). This increase in ionic conductivity due to an order-disorder
polymorphic transition is not limited to boranes and has also been reported for phosphate
[54,55] and sulphate [56] compounds. Since then, the investigation of the ionic conductivity
properties of other metal-boranes, especially Li and Na-boranes, has been conducted in an
attempt to find a suitable solid-state electrolyte for the next generation of batteries. Fig. 1.14
shows the thermal behaviour of the Li* and Na* conductivity of some boron-hydrogen salts.
The liquid electrolyte 1 mol L? solution of 1-ethyl-3-methylimidazolium tetrafluoroborate
(EMIBF4) with lithium tetrafluoroborate (LiBF4) [57], and the solid-electrolyte Na-8-Al,03 [46],

which is currently used in Na-S batteries, were added to the plots for comparison.
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Figure 1.14. Solid-state Li* (left) [53,58—61] and Na* (right) [59,61-64] conductivity of some common
boron-hydrogen materials as a function of temperature. The liquid electrolyte LiBFs/EMIBF4[57] and

the solid-electrolyte Na-8-Al,0; [46] (dashed lines) were added for comparison.
As it can be seen in Fig. 1.14, the majority of the boranes exhibit a sudden step-function
increase in ionic conductivity after undergoing an order-disorder polymorphic transition.

Some compounds, such as LiCB11H12 and LiCBgH1p present even higher Li* conductivity than
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the liquid electrolyte LiBFs/EMIBF,4 after their polymorphic phase transition, as well as what
is observed for the samples Na;B12H12, NaCB11H12 and Na-1-CBsH1o, when compared to the
solid-state Na-8-Al,0s. It has been demonstrated that the order-disorder polymorphic
transition observed in the majority of the metal boranes leads to rapid rotation of the anion,
which facilitates the migration of the cation through the structure, a process known as
paddle-wheel mechanism (Fig. 1.9B) [25,46,65]. The dynamics of the anion coupled with the
partially filled cationic sites in the lattice result in increased cationic conductivity and
decreased activation energy for ionic conductivity. Table 1.1 shows the polymorphic
transition temperature reported for some lithium and sodium boranes, and the
crystallographic symmetry they present before and after the order-disorder phase transition,

which always results in a more symmetric crystal structure.

Table 1.1. Approximate phase-transition temperatures with the technique used to determine
each of them, structural symmetries and space groups of the low temperature (LT) and high

temperature (HT) phases for several lithium and sodium-boranes.

Symmetry of LT Symmetry of HT
Compound Tirans (heating) Ref
structure structure

Orthorhombic

LiBH4 117 °C(NMR)®  Hexagonal (P63mc) [53,66]
(Pnma)
Tetragonal _
NaBH4 -83 °C (NMR) Cubic (Fm3m) [67,68]
(P42/nmc)
Li2B12H12 Cubic (Pa3) 355 °C (XRD)P Cubic (Pa3) [69]
1.) Partially
1.) 257 °C
disordered Cubic
(NPD)* _
NazB12H12 Monoclinic (P21/n) (Pm3n) [70]
2.)272°C
2.) Fully disordered
(NPD) _
Cubic (Im3m)
Na2B1.Cl1> Cubic (Pa3) 475 °C (DSC) Cubic (Fm3m) [63]
Orthorhombic _
LiCB11H12 120 °C (DSC) Cubic (Fm3m) [71,72]

(Pca2,)
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Orthorhombic

NaCBi11H1, 105 °C (DSC) Cubic (Fm3m) [71,72]
(Pca2.)

Li2B1oH10 Hexagonal (P6422) 367 °C (DSC) - [73]

NazBioH10 Monoclinic (P21/c) 100 °C (DSC) Cubic (Fm3m) [64,66]

Partially disordered
LiCBsH10 Orthorhombic 65 °C (DSC) Hexagonal (P31c) [74]
(Cmc21) at 60 °C

1.) Partially
disordered
1.)-30°C
Monoclinic (P21/c) Orthorhombic
NaCBsH1o (XRD) [74,75]
(Pna21)

2.) 27 °C (DSC)
2.) Fully disordered

Hexagonal (P31c)

Orthorhombic

LiByiH1a 112 °C (DSC) Cubic (Fm3) [60]
(Pbca)
Orthorhombic
NaBiiH14 84 °C (DSC) Cubic (/-43d) [59]
(Pnma)
Orthorhombic
Li-7-CB1oH13 Monoclinic (P21/n) 67 °C (DSC) [59]
(Aea2)
Orthorhombic B
Na-7-CB1oH13 60 °C (DSC) Cubic (Fm3m) [59]
(Pna2i)

INMR: Nuclear Magnetic Resonance. °XRD: X-Ray Diffraction. “NPD: Neutron Powder Diffraction. DSC:

Differential Scanning Calorimetry.

It is observed that lithium boranes tend to have higher polymorphic phase transition
temperatures than their corresponding sodium boranes. The same trend has also been
reported for borohydrides, with an increase in the transition temperature with cation size
decrease: CsBH4 < RbBH4 < KBH4 < NaBH4 < LiBH4 [46,76]. The size of the anion can also play
an important role, with sodium boranes with larger anions tending to present higher
transition temperatures. A fine example of this is seen when the hydrogen atoms from
Na2Bi2Hi2are replaced by chlorine as in NazB12Cl12 (Table 1.1) [63]. The transition temperature

is also significantly reduced with the chemical modification of the anions through
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replacement of a boron atom with a carbon. LiCB11H12 and NaCBii1H12 exhibit much lower
transition temperatures than their corresponding boranes Li;B12H12 and NazB12H12. The same
trend is observed for LiCBsHip and NaCBgH1ip when compared to LizBioH10 and NazBioH1o,
respectively (Table 1.1). Therefore, carboranes assume a disordered polymorphic structure
with superionic conductivity at temperatures closer to room temperature than their
corresponding boranes. The replacement of a boron with a carbon results in the anion
becoming monovalent, which reduces the number of cations in the structure to keep charge
neutrality. According to Tang et al. [59,74], this results in reduced cation-site blockage and
decreased strength of cation-anion Coulombic interactions, which are all likely to be
responsible for the reduced polymorphic transition temperature and increased ionic
conductivity observed in carboranes (Table 1.1 and Fig. 1.14) [59,74].

The nido-boranes, as in LiB11H14, NaB11H1a, Li-7-CB1oH13, Na-7-CB1ioH13, also present much
lower transition temperatures than the closo-borane dianions BigH10%> and B12H1,? (Table 1.1),
and higher ionic conductivity properties over a wider range of temperature (Fig. 1.14). The
chemical modification of the anions is only one of the several approaches that has been used
to increase the cationic conductivity of the metal boranes. Table 1.2 demonstrates other
successful strategies that have been employed to tune the ionic conductivity properties of

some lithium and sodium boron-hydrogen salts.

Table 1.2. Different strategies used to enhance the ionic conductivity of some lithium and

sodium boranes.

Approximate ionic
Modification Material conductivity near Justification Ref

30 - 40 °C (S cm™)

- Li2B12H12 108 - [77]
Mechanical Mechanically ball- Formation of
10 [77]
modification milled LizB12H12 cation vacancies
- NaCBi1H12 10® - [78]
Stabilisation of
Mechanical Mechanically ball-
103 the HT® [78]
modification milled NaCB11H12

polymorph at RT?
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- LiCBgH10 10° - [61]
- LiCB11H12 107 - [61]
¢ Stabilisation of
Mixing o
the HT
different boron- | Li2(CB9H10)(CB11H12) 103 [61]
disordered
hydrogen anions
polymorph
- NaBH4 1010 - [62]
- NazB12H12 107 - [79]
Formation of
channels and
Mixing of
voids in the
different boron- Na3(BH4)(B12H12) 103 [79]
lattice, which
hydrogen anions
facilitate Na*
migration
- LiBH4 108 - [53]
Formation of B-O
Oxide composite
LiBH4-Al,03 10 bonds at the [80]
formation
interface
Li* migration is
facilitated by
Hydration LiBH4-H,0 10 [81]
water motion in
the lattice
NHs coordinates
with interstitial
Li*, facilitating its
Ammoniation LiBH4-1/2NHs 10 [82]

migration
through

framework

HT: High Temperature. °RT: Room Temperature.
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Among these strategies presented in Table 1.2, the formation of mixed-borane solid solutions
has gained attention from several researchers, and different materials with high ionic

conductivity properties have been prepared (Fig. 1.15).
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Figure 1.15. Solid-state Li* (left) [60,83—85] and Na* (right) [61,62,79,86—88] conductivity of some
mixed-anion boron-hydrogen materials. The ionic liquid electrolyte LiBFs/EMIBF,[57] and the solid-

electrolyte Na-6-Al,03 [46] (dashed lines) were added for comparison.

As such, Naz(CBgH10)(CB11H12), Naa(CB11H12)2(B12H12) and Naa(Bi1Hia)2(B12H12) exhibit Na*
conductivity at room temperature even higher than the solid electrolyte Na-8-Al;03
[61,87,88], whereas 0.7Li(CBgH10)-0.3Li(CB11H12) [83] shows Li* conductivity properties
identical to the ionic liquid electrolyte LiBF4/EMIBF4 (Fig. 1.15). As shown in Table 1.2, the
formation of mixed-borane solid solution may increase defects, facilitating migration of the
cation through the structure, and/or may stabilise the high temperature polymorph at lower
temperatures [61,79].

The coordination of boranes with neutral ligands, such as water, e.g. LiBH4-H,O [81], and
ammonia, e.g. LiBHs-1/2NH; [82], also seems to be a good strategy to enhance ionic
conductivity properties (Table 1.2), as the coordinated neutral ligand may help the migration
of the cation through the structure. However this field of research is yet to be explored in
detail, therefore hydrated nido-boranes were investigated as potential solid-state electrolytes

in this thesis. Other modification strategies, such as ball-milling and anion-mixtures, were also
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studied as an attempt to improve the ionic conductivity properties of the materials
synthesised in this thesis.

Researchers have also analysed the electrochemical stability of some lithium and sodium
boron-hydrogen materials against pure Li and Na metal, respectively, as an assessment of
their application as solid-state electrolytes (Table 1.3). The materials listed in Table 1.3 were
all assessed experimentally through a similar mechanism, by preparing a pellet of the sample
with addition of graphite on one face to improve oxidation kinetics and enhance electronic
conductivity. The voltammetry was also performed at very slow scan rates (< 100 pV s™) to

avoid overestimation of the oxidation result [89,90].

Table 1.3. Oxidative stability limit of some lithium and sodium boranes against Li and Na
metal, respectively. The sulphide Li1oGeP;S12 and the oxide LizLasZr.01; solid electrolytes were

also added for comparison.

Approximate oxidative stability limit vs.
Material Ref
M*/M (M = Li or Na)

LiBH4 2.0 Vvs. Li*/Li [90,91]
LioB1oH1o 3.3V vs. Li*/Li [91]
LiB11H14 2.6 VV vs. Li*/Li [60]

NaBH4 1.9V vs. Na*/Na [90-92]

Na2B12H12 3.5V vs. Na*/Na [91,92]
Na2B1oH10 3.0 Vvs. Na*/Na [90]
NaBi11H14 2.6 Vvs. Na*/Na [87]
Nas(CB11H12)2(B12H12) 4.1V vs. Na*/Na [90,93]
Li1oGeP2S12 (LGPS) 2.1V vs. Li*/Li [89]
2.9 V vs. Li*/Li (theoretical)
LizLasZr,012 (LLZO) [89]
4.0 V vs. Li*/Li (experimental)

The sulphide LijoGeP,S12 (LGPS) and the ceramic LiyLasZr,01; (LLZO) are considered some of
the most promising solid electrolytes [89], and they show electrochemical stability against

lithium metal comparable to other metal boron-hydrogen materials.
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The high ionic conductivity properties and the relatively high oxidative stability limit of
boranes against pure alkali metal (e.g. Li and Na) have led researchers to investigate their

application as solid-state electrolytes in proof-of-concept batteries with different cathode

materials, as shown in Table 1.4.

Table 1.4. Battery tests performed with different lithium and sodium boranes as solid-state

electrolytes.

Cathode and
Operating
theoretical Electrolyte Anode Highlight Ref

Voltage
capacity

~ 63% (1053 mAh g
1) of the theoretical

S+C composite 0.7Li(CBgH10)- capacity was

Li 1.0-25V [83]
1672 mAh gt 0.3Li(CB11H12) retained after 20
cycles at 1C? (1672

mA g1) at RT.

~ 64% (153 mAh g?)
of the theoretical
capacity was
retained after 150
TiS; cycles at 0.1C (23.9
Li2(B11H14)(CB11H12) Li 1.6-2.5V [60]
239 mAh gt mA g1) for the first 5
cycles and at 0.5C
(119.5 mA g!) from
the 6% cycle at 60 °C

and under 3.2 MPa.

~ 54% (65 mAh g)

of the theoretical
NaCrO; 2.25 -

Naa(B12H12)(B1oH10) Na capacity was [94]
120 mAh gt 3.25V

retained after 250

cycles at 0.05C (6 mA
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g?) for the first 3
cycles and at 0.2C
(24 mA g!) from the
4t cycle at 60 °C.

~ 60% (78 mAh g1)
of the theoretical
capacity was
retained after 800

Na3z(VOPO.),F 2.50 -
Nas(CB11H12)2(B12H12) Na cyclesat 0.1C (13 mA [88]

130 mAh gt 415V
g!) for the first 2
cycles and at 0.2C
(26 mA g!) from the

3™ cycle at RT.

%nC stands for the C-rate, in which the current fully charges or discharges the battery in 1/n hours.

The high capacity retention after several cycles observed in the batteries prepared with
boranes as electrolytes demonstrate the great potential of these materials to be used in solid-
state batteries. However, more research needs to be conducted in order to address the
current challenges associated with the use of boranes as solid-state electrolytes, such as, high
cost of synthesis and SSE-electrode interfacial issues [88,94-96]. Closo-boranes and
carboranes usually present elevated preparation costs [95], and alternative synthetic routes
with more affordable reactants or synthesis optimisation of other type of boranes, such as
nido-boranes, need to be found in order to make their use more economically viable. Boron-
hydrogen materials may also be susceptible to dendrite formation against Li and Na anodes
[31], as well as to SSE-electrode contact loss upon cycling [97], and addressing those issues is
detrimental for commercial application of SSBs. Therefore, synthesis optimisation of metal-
boranes, assessment and enhancement of their properties as solid-state electrolytes are

necessary studies for the development of SSBs, and they are the main focus of this thesis.
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CHAPTER 2

Experimental




2.1 INTRODUCTION

Several boron-hydrogen materials were synthesised throughout the course of this research,
and they were characterised via different techniques. This chapter describes the methodology
used for the samples’ preparation, characterisation and assessment of their properties as
solid-state electrolytes, as well as the theory and basic principles of the employed techniques.
Some studies were performed in collaboration with other researchers, and their contributions

are stated in this chapter.

2.2 CHEMICALS

The following table describes the list of chemicals used to conduct the experiments.

Table 2.1 List of chemicals used and their specifications.

Chemical
Chemical State Purity Supplier
formula
Anhydrous
Sodium borohydride NaBHa 98% Sigma-Aldrich
powder
Anhydrous
Diglyme CeH1403 99.5% Sigma-Aldrich
liquid
1-Bromopentane CsH11Br Liquid 98% Sigma-Aldrich
Anhydrous
Diethyl ether C4H100 99.7% Sigma-Aldrich
liquid
Trimethylamine
(CH3s)3N-HCI Solid 98% Sigma-Aldrich
hydrochloride
Anhydrous
Lithium hydroxide LiOH 98% Alfa Aesar
solid
98% Sigma-Aldrich
Sodium hydroxide NaOH Solid
98.9% VWR Chemicals
Potassium hydroxide KOH Powder 85% Sigma-Aldrich
Sulphuric acid H,S04 Liquid 95-98% Sigma-Aldrich
Hydrochloric acid HCI Liquid 37% Scharlau
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Anhydrous
Sodium hydride NaH 95% Sigma-Aldrich
powder
Tetrahydrofuran
Anhydrous
. 0 . .
(THF) with 250 ppm CaHsO iquid 99% Sigma-Aldrich
BHT inhibitor
Acetone C3HeO Liquid 99.5% Unilab
Anhydrous
Acetonitrile CHsCN 99.8% Sigma-Aldrich
liquid
Boric acid H3BOs3 Powder 99.5% Sigma-Aldrich
Deuterated water D,0 Liquid 99.9atom % D  Sigma-Aldrich
Deuterated
CD3CN Liquid 99.8atom % D  Sigma-Aldrich
acetonitrile
Deuterated dimethyl Anhydrous
C2D60S 99.9 atom % D Sigma-Aldrich
sulfoxide (DMSO-ds) liquid
Lithium Li Li ribbon 99.9% Sigma-Aldrich
Sodium Na Na lump 99% Sigma-Aldrich
Gold Au Au foil 99.95% Alfa Aesar
Graphite C Powder 99.9% Sigma-Aldrich
Platinum Pt Pt foil 99.95% Sigma-Aldrich
Lithium
LiPFs .
hexafluorophosphate 1.0 M LiPFe
solution in ethylene CsHa05 Liquid EC/DMC (v/v=  Sigma-Aldrich
carbonate and CsHs0s 50/50)
dimethyl carbonate
Titanium(IV)
TiS> Powder 99.9% Sigma-Aldrich
sulphide
Argon Ar Gas 99.997% Coregas

2.3 SYNTHESIS

Due to the air sensitivity of some boron-hydrogen materials (usually hygroscopic), all samples

were synthesised using a Schlenk line, which is a dual manifold glass apparatus that allows to
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alternate use of an inert gas (argon) and vacuum. All chemicals and samples were
manipulated using Schlenk techniques or inside an argon filled glovebox (Mbraun) in order to
minimise oxygen and water exposure. The glovebox was equipped with an argon purifier and
a catalyst, which constantly recycles the inert atmosphere to keep the levels of water (H,0)
and oxygen (0O2) below 1 ppm. Chemicals, samples and apparatus were inserted or removed
from the glovebox through antechambers that were evacuated and flushed with argon.

The following methodology describes the optimised synthetic procedures, however several

other synthesis methods were performed in order to achieve such optimisation.

2.3.1 Synthesis of trimethylammonium nido-tetradecahydroundecaborane, (CH3)sNHB11H14
The synthesis of (CH3)sNHB11H14, the starting material for the preparation of the nido-boranes
reported in this thesis, was achieved through a modified method previously reported by
Dunks et al. [1] and Muetterties et al. [2]. NaB11H14-(CsH1403)x is initially synthesised through

the reaction of NaBHs with 1-bromopentane in diglyme at ~ 110 °C (reaction 1).

CeH1403,110°C

11NaBHa(s) + 10CsH11Br(j) ————— NaB11H14:(CeH1403)n(sol) + 10NaBr(s) + 10CsH12(g) + 10H2(g)
(1)

This reaction can be broken down into four steps in order to better represent the synthetic

route for NaBiiHia'(CsH1403)n [1,3,4], but does occur in solution as a polycondensation

reaction.

10NaBH4 + 10CsH11Br — 5B2Hg + 10NaBr + 10CsH1; (2)
B2He + 2NaBH4 — 2NaB;H; (3)
2NaB;H7 — NaBsHs + NaBHa4 + H; (4)
NaBsHs + 4B,Hs — NaB11H14 + 9H; (5)

Sodium borohydride, a strong reducing agent, reduces the alkyl halide 1-bromopentane into
diborane (reaction 2), a reactive gas that reacts with excess borohydride to form B,H;~
(reaction 3), which thermally decomposes into BsHs™ (reaction 4). Excess diborane then reacts
with BsHs™ to yield NaBi1H14 (reaction 5), where its formation is favoured when the reaction

temperature is 105 — 120 °C, and diglyme is used as the solvent [1,3,4].
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In order to synthesise NaBi1H14:(CsH1403)n, 50 g of NaBH4 (1.32 mol) was transferred to a
three-neck round-bottom flask inside an argon-filled glovebox and equipped with a
thermometer, a mechanical stirrer, and a pressure-equalising dropping funnel under argon
using a Schlenk line. 400 mL of diglyme was added under constant stirring and an argon
atmosphere, and the suspension was heated to 105 °C. 150 mL of 1-bromopentane (1.20 mol)
was then added slowly through the dropping funnel to ensure a controlled temperature
between 105 and 120 °C (exothermic reaction). After complete addition, the reaction mixture
was stirred for six additional hours at 110 °C, which results in a suspension of yellow liquid

and white powder (precipitated NaBr) (Fig. 2.1).

Figure 2.1 A) Reaction set-up used to synthesise NaBi1H14:(CsH1403), in a three-neck round-bottom
flask equipped with a thermometer, a mechanical stirrer and a dropping funnel under a constant
stream of argon from a Schlenk line. B) Resulting suspension of yellow liquid (NaB11H14:(CsH1403),) and

white powder (NaBr) after completion of reaction.

The yellow suspension of NaBi11H14:(CeH1403), was then filtered at room temperature and
washed with = 50 mL of diethyl ether. The filtrate was dried in vacuo at 110 °C until a
gelatinous yellow product (40.5 g) was obtained (Fig. 2.2A). In order to remove the
coordinated diglyme from the nido-borane, NaB11H14:(CsH1403), was dissolved in hot water,

and an aqueous solution of trimethylamine hydrochloride (31.5 g, 0.33 mol) was added in
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excess (= 20%), resulting in the rapid formation of a yellow-white precipitate (reaction 6). The
large trimethylammonium cation replaces the sodium and yields a product that is free of the

ethereal solvent, due to its water insolubility and it is thus easily isolated [2].

H,0,25°C
NaB11H14:(CeH1403)n(aq) + (CH3)3N-HCl(ag) el (CH3)3NHB11H14(s) + NaCl(ag) + n(CsH1403)(aq)
(6)

The suspension was transferred to an ice bath and left resting for 30 minutes, filtered, and
washed with cold water. The light yellow powder was then dried in vacuo at 90 °C, yielding
9.0 g (0.047 mol, 39% vyield) of trimethylammonium nido-tetradecahydroundecaborane

((CH3)3sNHB11H14) (Fig. 2.2B).

A) B)

Figure 2.2 A) Solid powder of NaB11H14:(CsH1403),. B) Solid powder of (CHs)sNHB11H14.

2.3.2 Synthesis of alkali metal nido-tetradecahydroundecaborane, LiBi1H14:(H20),,
NaBi11H14:(H20)» and KB11H14

The synthesis of MB11H14:(H20), (M = Li or Na) and KB11H14 was achieved based on an adapted
procedure presented by Klanberg and Muetterties [5] that was originally used to prepare
CsB11H14. (CH3)sNHB11H14 (1.5 g, 7.77 mmol for LiB11H14 and NaB11H14 and 0.5 g, 2.59 mmol for
KB11H14) was dissolved in a 0.5 mol L™ aqueous solution of metal hydroxide (LiOH: 75 mL,
NaOH: 75 mL, KOH: 30 mL) and heated at 100 °C for ~ 20 minutes (reaction 7) in an open
vessel to ensure elimination of the trimethylammonium cation, (CH3)sNH*, as trimethylamine
gas ((CHs)sN, boiling point 2.9 °C at 1 atm). The solution was filtered at room temperature

(RT), and the filtrate was reheated to 80 °C to adjust its pH to 4 - 5 by slow addition of 1.0
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mol L' aqueous solution of inorganic acid (LiBiiH14:(H20), and NaBiiHis:(H20), were

prepared with HCI, reaction 8, and KB11H14 with H,SOa, reaction 9).

H,0, 100°C
(CH3)3NHB11H14(aq) + 2MOH(aq) ———— M>2B11H13(aq) + (CH3)3N(g) + 2H20) (7)
H,0,80°C
MZBllH13(aq) + HCI(aq) — MBllH14(aq) + MCl(aq) (8)
H,0,80°C
M>B11H13(aq) + H2504(aq) ——— MB11H14(aq) + MHSO4(aq) (9)

The solution was then cooled to RT, and a liquid-liquid extraction using diethyl ether was
performed to isolate the nido-borane from boric acid that was formed as a by-product. The
organic layer, a yellowish liquid, was isolated from the aqueous solution, flushed with argon,
and dried in vacuo at 80 °C, which resulted in the formation of a deliquescent white powder
of alkali metal nido-tetradecahydroundecaborane (LiB11H14:(H20),: 0.89 g, 6.36 mmol, 82%
yield, NaB11H14:(H20)n: 0.68 g, 4.36 mmol, 56% yield, KB11H14: 0.30g, 1.74 mmol, 67% yield).

2.3.3 Synthesis of lithium nido-tetradecahydroundecaborane, LiB1iH14:2H,0, a-
LiB11H14:(H20)n (n < 2), and LiB11H14

In order to investigate the influence of coordinated water on the properties of nido-boranes
as solid-state electrolytes, the synthesis of compounds of LiBiiHia with different water

content was optimised based on reaction 10.

H,0, 100 C

(CH3)3sNHB11H14(aq) + LiOH(ag) ——— LiB11H14(aq) + (CH3)3N(g) + H20() (10)

(CHs)sNHB11H14 was recrystallised prior to use by dissolution in a hot aqueous solution of
acetone (10% acetone) [6]. The colourless precipitate was collected by filtration, washed with
cold Milli-Q water and dried in vacuo at 90 °C. 800 mg of recrystallised (CH3)sNHB11H14 (4.14
mmol) was added to 40 mL of lithium hydroxide aqueous solution (140 mg LiOH, 40% excess,
5.85 mmol), which was sonicated several times and stirred at room temperature to ensure
dissolution of the powder. The aqueous solution was stirred at 100 °C for ~ 15 minutes in an
open vessel to eliminate the volatile (CH3)sN gas, and upon cooling back to RT, the suspension
was filtered. The filtrate was dried at 80 °C in vacuo for 2 hours to obtain a deliquescent
colourless powder of LiB11H14:2H20 (0.60 g, 3.41 mmol, 82% vyield). No additional step for

removal of excess LiOH or possible side products was taken in order to simplify the synthetic
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process and to observe the possible influence of the by-products over the properties of the
material, as mentioned in chapter 4.

The same methodology used to prepare LiB11H14:2H,O was applied to the synthesis of
LiB11H14-(H20), with n < 2, however with different heating times in vacuo on the Schlenk line
to dry the sample. For a-LiB11H14:(H20),, the filtrate was dried for 4 hours in vacuo at 80 °C,
yielding 0.52 g of the material. For anhydrous LiB11H14, the filtrate was dried for 20 hours in

vacuo at 110 °C, yielding 0.46 g of sample (3.29 mmol, 79% vyield).

2.3.4 Synthesis of mixed anion nido-borane, Na11(B11H14)3(B11H13)a
The mixed-anion borane Nai1(Bi1H14)3(B11H13)a was synthesised based on reaction 11 in an
attempt to stabilise the high temperature polymorph at RT and thus enhance its ionic

conductivity properties.

H,0, 100"

00 C
7(CH3)3sNHB11H14(aq) + 11NaOH(aq) ———— Na11(B11H14)3(B11H13)aaq) + 7(CH3)3N() + 11H,0)
(11)

400 mg of recrystallised (CH3)sNHB11H14 (2.1 mmol) was added to 20 mL of an aqueous
solution of NaOH (177 mg, 4.4 mmol, = 33% excess), which was then heated at 100 °C for 15
minutes under constant stirring in an open vessel. The resulting suspension was filtered at RT,
and a liquid-liquid extraction was performed with 15 mL of diethyl ether, as an attempt to
remove impurities and isolate both anions, Bi1Hia~ and BiiH13%", from the medium. The
aqueous layer was dried in vacuo overnight at 110 °C, and a deliquescent powder composed
by a mixture of both anions was obtained (0.28 g, 0.24 mmol, 80% yield). No additional step
for removal of excess NaOH or possible side products was taken. The isolation of Bi1H13>~ from
borate species can be a challenge since both share similar polarity properties, as discussed in

chapter 5.

2.3.5 Synthesis of disodium nido-tridecahydroundecaborane, Na;B11Hi3

Another type of sodium nido-borane, Na;B11H13, was synthesised in order to investigate its
properties as a solid-state electrolyte. The synthesis of this salt was achieved based on
reaction 12, an adapted procedure proposed by Pecyna et al. [7] that was originally used to

prepare (C2Hs)aNCB11H12.
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THF
(CH3)3NHBu11H14(s0l) + 2NaH(s) — NazB11H13(s) + (CH3)3N(g) + 2H2(g) (12)

0.11 g of NaH (4.6 mmol) was weighed in an argon-filled glovebox and transfered to a custom-

made Schlenk flask equipped with an inner filter to maintain an inert atmosphere (Fig. 2.3).

S 2 /l ™~ IVacuum
a2 \
Filter disc

Collecting / waste flask

Figure 2.3 Custom-made Schlenk flask to allow filtration of mixtures in an inert atmosphere. The solid
is represented in orange and the liquid in yellow. Reproduced with permission [8]. Copyright 2018,

American Chemical Society.

The flask was connected to the Schlenk line, and 5 mL of THF was added to the solid under a
constant stream of argon in an ice bath. 0.25 g of recrystallised (CH3)sNHB11H14 (1.3 mmol)
was dissolved in 5 mL of THF, and the resulting solution was slowly added to the flask
containing the suspension of NaH at 0 °C. The mixture was left stirring for 15 minutes at 0 °C,
30 minutes at RT, and then filtered to remove the excess NaH. The filtrate was dried in vacuo
at 40 °C for 2 hours, resulting in a deliquescent white powder of Na;B11H13 (0.17 g, 0.9 mmol,

73% yield).

2.4 CHARACTERISATION

2.4.1 Nuclear Magnetic Resonance (NMR) spectroscopy

This analytical technique is used to determine the purity and content of a material. Its working
principle is based on the application of an external magnetic field to split the energy levels of
nuclear spin states. Upon a radiofrequency wave pulse, the spin flips to a high energy level,
and when the spin returns to the base state, energy at the same frequency is emitted, which

is detected and processed to generate an NMR spectrum [9].
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'H and B NMR spectroscopy are widely used for the characterisation of boranes since
structural and molecular dynamics information can be obtained from this technique [10,11].
108 and !B are the two naturally occurring isotopes of boron, and both are NMR active with
spin quantum numbers 3 and 3/2, respectively. However, 1B is more suitable for NMR
experiments due to its higher natural abundancy (81.4 %), which yields more intense peaks
with better resolution [12]. The 1B NMR spectrum can be produced considering the effects
of the coupling between boron and proton atoms (*:B NMR coupling), or with the elimination
of these effects, which is called 1B NMR decoupling (*'B{*H}).

Solution-state 'H and !B NMR spectroscopy (*H: 400 MHz, 1'B: 128 MHz, 'B{*H}: 128 MHz)
were performed by dissolution of the samples in 600 uL of a deuterated solvent (D,O, DMSO-
ds or CD3CN) and analysed on a Bruker Avance Ill 400 MHz NanoBay spectrometer at room
temperature. Tetramethylsilane (Si(CHs)s) and boron trifluoride etherate (BF3O(CzHs),) were
used as external standards of the 'H and !B NMR spectra, respectively.

The LiB11H14:(H20)n, a-LiB11H14:(H20)s, NaB11H14:(H20)s, Na2B11H13, and Nai11(B11H14)3(B11H13)s
samples were also analysed through solid-state 1B NMR spectroscopy (128 MHz) on a Varian
VNMRS spectrometer. They were packed in an argon filled glovebox inside a 4 mm zirconia
rotor and sealed with gas-tight inserts. They were spun at 5 kHz with proton decoupling and
a relaxation delay of 10 seconds, for a total of 50 transients, and acquisition was performed
with a one-pulse sequence. Data were collected at the University of Western Australia by Dr
Gareth Nealon.

Solid-state !B NMR spectroscopy was also performed to evaluate !B spin-lattice NMR
relaxation rates (T1%) of a-LiB11H14:(H20), from -190 to 110 °C using a 4.7 T superconducting
magnet. Spin-lattice relaxation rates were measured using a saturation-recovery sequence
with spin echoes to detect the signal. Rectilinear quartz NMR tubes (5 mm diameter) had their
shape adjusted with an oxy-acetylene torch to form an ‘L’ shape tube with ~ 1.5 cm length in
the bottom. The sample (~ 40 mg) was transferred to this tube inside an argon filled glovebox,
sealed with grease, removed from the glovebox and flame sealed with an oxy-acetylene torch
(Fig. 2.4). Data acquisition and analysis were performed by Dr Anton Gradisek from the Jozef

Stefan Institute in Slovenia.
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S

~1.5cm

Figure 2.4 ‘L-shaped’ quartz NMR tube containing ~ 40 mg of sample used to investigate the !B spin-

lattice NMR relaxation rates.

2.4.2 Raman spectroscopy

This vibrational spectroscopy technique is based on the scattering of light in the near infrared
or visible region by a molecule due to molecular bond vibrations at specific energy levels. The
interaction of photons from the light source with the molecule promotes it to a higher energy
state, and upon relaxation, the photons are scattered elastically (Rayleigh scattering) or
inelastically (Stokes or anti-Stokes scattering) [9,13]. The Rayleigh scattering is filtered out,
and only the inelastic scattering is considered for Raman spectroscopy [13]. This energy
emitted by the photons is detected as a change in wavenumber (cm™?) from the incident laser,
which generates a Raman spectrum that provides information about chemical structure and
composition [14].

An Alpa300SAR+ confocal Raman microscope (WITEC GmbH, Ulm, Germany) equipped with a
2w-NdYAG laser (532 nm wavelength) and a 20x/0.4 NA objective (Zeiss, Germany) was
employed to obtain the Raman spectra. The spectrometer utilises a 600 g mm™ (grooves per
millimetre) grating. Powder samples of LiB11H14:2H20, a-LiB11H14:(H20)s, and LiB11H14 were
packed in capillaries (1 mm diameter) inside an argon filled glovebox, sealed with grease and
then flame-sealed outside the glovebox. Spectra were recorded with 100 accumulations at an
integration time of 400 ms. Data were processed in terms of background subtraction, cosmic
ray removal and exported with the ProjectFOUR software package (WITec, Ulm, Germany).

Data were acquired by Dr Thomas Becker at Curtin University.
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2.4.3 Fourier Transformed Infrared (FTIR) Spectroscopy

FTIR is a vibrational spectroscopy technique, which is based on the absorption of infrared
radiation by a molecule, and it is usually used to identify functional groups [14]. Molecular
vibrations are usually classified as stretching, which is the result of a change in the bond length
between two atoms, or bending, which occurs due to a change in the angle between bonds.
Each type of vibration absorbs in a specific frequency of the infrared radiation spectrum,
which generates a spectrum of absorbed or transmitted frequency against wavenumber (cm-
1) [15]. The spectrum can then be used to identify the sample’s composition and chemical
structure.

A Thermoscientific Summit ATR (attenuated total reflectance) spectrometer was used to
conduct FTIR spectroscopy characterisation. The samples, LiB11H14:(H20),, NaBi1H1a:(H20),
and KB11H14, were individually transferred to a vial inside the glovebox and placed on the ATR
diamond stage, with brief exposition of the sample to air (< 10 s) upon mounting. A total of
16 scans were collected and averaged per sample, and data was measured between 500 -

4000 cm™! with a spectral resolution of 4 cm™.

2.4.4 X-Ray Diffraction (XRD)

XRD was used in order to identify the crystal structure and crystalline composition of the
synthesised materials. In the laboratory, X-rays are usually produced in an evacuated X-ray
tube that contains a tungsten (W) filament (cathode), which releases electrons when
electrically heated. These electrons are then accelerated towards an anode (a metal target)
by a high potential difference (30 - 60 kV). The electrons strike the target, usually a piece of
copper (Cu) fixed to the anode, and a beam of X-rays is emitted to the sample (Fig. 2.5A) [16].
X-rays can also be produced in a synchrotron, a large facility that exists to accelerate electrons
and make them change direction to emit powerful X-rays, which results in more informative
diffractograms with high temporal and spatial resolution [16]. The beam of high-speed
electrons in the storage ring emits synchrotron light, which is captured by individual

beamlines (Fig. 2.5B) [17].
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\Figure 2.5 Two different methods of production of X-rays. A) X-ray tube [18]. B) Synchrotron. The
electrons are initially accelerated in the linear accelerator (LinAc), which are then transferred to the
booster ring to increase energy before moving to the storage ring. Reproduced and adapted with

permission [19]. Copyright 2021, Springer Nature.

Upon X-ray irradiation of a solid sample, the X-rays are scattered by the electrons of the
atoms. A crystalline sample is formed by layers of atoms that are separated by an interplanar
d-spacing (d), and each atomic layer acts as a reflecting plane. The constructive interference
of the scattered rays by the layers of atoms occurs at certain possible angles (), called the
Bragg angles, and forms the X-ray diffraction pattern [14]. This constructive interference
between waves of wavelength A occurs when the Bragg’s law is satisfied, with n as an integer
(eqg. 13) [20]. At angles of incidence other than the Bragg angle, reflected beams are out of
phase, destructive interference occurs, and diffraction beam cannot be observed [14]. Fig. 2.6
shows the illustration for Bragg’s law condition to obtain diffraction.

2dsin® = nA (13)

X-ray ¢ X-ray
source detector

dsin@

Figure 2.6 Bragg’s law illustration. Reproduced and adapted with permission [20]. Copyright 2010,

Elsevier.
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Powder and single-crystal XRD are the two most common X-ray techniques used to
characterise a material. A polycrystalline powdered sample is formed by randomly oriented
small crystals, and when this material is irradiated with X-rays in a wide angle range, for
example from 0 — 90 ° 28, the diffraction angles are identified, which correspond to the d-
spacing of the atomic planes [14]. The diffractogram is a fingerprint of the material, in which
the crystal system and the lattice parameters can be obtained based on the position and
number of reflections and the wavelength used to conduct the experiment [14]. The single-
crystal method is used to more easily obtain a complete structural determination of an
inorganic solid, including the position of light atoms, such as H, which contain only one
electron, through a method known as Hirshfeld atom refinement, for example [14,21].
X-Ray Powder Diffraction (XRPD) was conducted to characterise the synthesised borane
samples at room temperature. The powdered samples were hand ground using a mortar and
pestle in an argon glovebox, mounted on a single-crystal Si low background sample holder
and sealed with an airtight poly(methyl-methacrylate) (PMMA) dome to avoid exposure to air
during measurement. A Bruker D8 Advance Powder Diffractometer with a Cu K, radiation
source (A = 1.54056 A) operated at 40 kV/40mA with a LynxEye detector in the 29 range of 5
- 60° was used in flat-plate Bragg-Brentano geometry.

The sample NaBi1H14:-(H20), was also characterised via an in-situ cooling experiment. The
powdered material was packed inside a borosilicate capillary (0.7 mm diameter, 0.01 mm
wall) in an argon glovebox, sealed with grease and flame-sealed outside the glovebox. The
measurement was conducted on a ThermoFisher ARL Equinox 5000 diffractometer using a
Mo source (Mo Ka radiation, A = 0.7093 A) from RT to =100 °C, with the data being collected
using a curved position sensitive X-ray detector (CPS 120) with acquisition in real time over
120° 28. The sample was cooled with a cold stream of nitrogen (from boiling liquid nitrogen),
and the temperature was monitored by a K-type thermocouple ~ 10 mm from the capillary.
Synchrotron Radiation X-ray Powder Diffraction (SR-XRPD) was also used to characterise
several boron-hydrogen materials synthesised and to conduct in-situ experiments. The
samples were ground with a mortar and pestle in an argon glovebox, packed in a borosilicate
capillary (0.01 mm wall thickness) and flame-sealed to be analysed at the Powder Diffraction
beamline at the Australian Synchrotron. Data collection was performed by Dr Anita D’Angelo.

Information about the in-situ experiments for each sample is detailed in Table 2.2.
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Table 2.2 Parameters used to conduct in-situ SR-XRPD experiments. Wavelength was refined
using a NIST LaBes 660b line position standard. Temperature was controlled using an Oxford

Cryosystems Cryostream Plus.

Capillary OD Temperature

Sample Rate (°C min'l) Wavelength (A)
(mm) range (°C)

5 (heating)

KB11H14 0.7 20 - 177 - 25 0.563476(5)
- 6 (cooling)
5 (heating)

a-LiB11H14:(H20), 1.0 25— 100-> 25 0.590827(4)
- 6 (cooling)

b-LiB11H14:(H20)s, 0.7 25 > -175 -1 0.563476(5)
5 (heating)

NazB11Hi13 1.0 30— 230- 30 0.590827(4)
- 6 (cooling)

Data were collected on a Mythen Il microstrip detector at two positions, and later combined
into gap-free data sets, from 1° - 76° 28.

Rietveld refinement is a technique widely used to perform quantitative phase analyses. This
technique is based on the fitting of a comprehensive model (involving information about the
sample, radiation, and diffractometer) to the diffraction patterns using a nonlinear least
squares method [16]. Rietveld refinement of XRPD profiles was conducted using the Bruker
TOPAS software (version 5) [22].

The RT KB11H14 structure was solved using simulated annealing, treating the B11H14™ units as
rigid bodies. A minor impurity of K,SO4 was also modelled during structure solution. The
background was defined using an 11" order Chebyshev polynomial. Unit cell parameters,
scale factors, zero-point, peak shape mixing parameters and occupancies of K and B atoms
were refined together with the Rietveld method. Isotropic displacement parameters, Biso,
were refined as a single parameter for the K and B atoms, while those for H were not refined.
The crystallographic data was deposited into the Inorganic Crystal Structure Database (ICSD
2090015). The Rietveld refinement, the crystallographic indexing and structure solution of
KB11H14, as well as, the quantitative analysis of a-LiBi11H14:(H20), at RT were performed by Dr

Terry Humphries and Associate Professor Mark Paskevicius.
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A single-crystal of LiB11H14:2H,0 was grown by allowing an aliquot of the diethyl ether layer
(obtained during synthesis after performing the liquid-liquid extraction step — see section
2.3.2) to dry naturally at room temperature inside an argon filled glovebox. The single crystal
was selected inside an argon-filled glovebox from the solid material using an optical
microscope, transferred to a borosilicate capillary (0.7 mm diameter, 0.01 mm wall) using a

needle (Fig. 2.7) and flame-sealed.

Figure 2.7 lllustration of the method used to select and transfer a single-crystal to a capillary inside an

argon glovebox for further single-crystal XRD analysis.

The sealed capillary containing the hygroscopic single-crystal was mounted onto an XtalLAB
Synergy-S diffractometer, equipped with a Cu Ko (1 = 1.54184 A) source, and data were
collected at 22 °C. The diffraction pattern was indexed and the total number of runs and
images was based on the strategy calculation from the program CrysAlisPro (Rigaku,
V1.171.40.53, 2019) [23]. The maximum resolution that was achieved was 0.83 A at 6 =
67.894°. The unit cell was refined using CrysAlisPro (Rigaku, V1.171.40.53,2019) [23] on 3182
reflections.

Data reduction, scaling, and absorption corrections were performed using CrysAlisPro
(Rigaku, V1.171.40.53, 2019) [23]. The final completeness was 66.30%, which was low, as the

sample became dislodged inside the capillary during data collection and could not be
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recovered. Numerous (= 22) other ‘single-crystal’ samples were screened, however all were
polycrystalline, making structure solution impossible. A multi-scan absorption correction was
performed using CrysAlisPro 1.171.40.53 (Rigaku Oxford Diffraction, 2019) [23].

The structure was solved and the space group determined by the ShelXT [24,25] structure
solution program using dual methods and refined by full matrix least squares minimisation on
F2 using version 2018/3 of ShelXL [23-25]. All non-hydrogen atoms were refined
anisotropically. Hydrogen atom positions on the water ligands, and on the B11H14™ cage were
found in a difference map, then refined freely with 1,2 and 1,3-restraints used to optimise
their geometry. The crystallographic data was deposited into the Inorganic Crystal Structure
Database (ICSD 2031335). Single-crystal XRD analysis and structural solution were performed

by Dr Stephen Moggach from the University of Western Australia.

2.4.5 Simultaneous Differential Scanning Calorimetry and Thermogravimetry Analysis
(DSC/TGA)

In order to analyse the thermal properties of the synthesised metal-boranes under heating, a
DSC/TGA analyser was employed. Thermogravimetric analysis (TGA) measures the mass
change of the sample on heating, and differential scanning calorimetry (DSC) determines the
difference in heat flow between the sample and a reference during heating. An aluminium,
Al, or alumina, Al;0s, crucible was used as sample holder and as a reference. A flowing
atmosphere of argon gas is used during analysis in order to maintain an inert environment
and to remove any volatile products (Fig. 2.8) [14]. The data retrieved from coupled DSC/TGA
can give information about polymorphic changes, melting and decomposition of the sample

during thermal treatment.

sample

reference
holder
) /
carrier gas +—
|_~balance
furnace
//

< carrier gas

Figure 2.8 Schematic representation of a DSC/TGA.
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Thermal behaviour of the synthesised metal-boranes was analysed using a Netzsch STA 449
F3 Jupiter DSC/TGA. The solid powders were ground with a mortar and pestle inside an argon
filled glovebox and a small portion (5 — 7 mg) transferred to the sample holder (Al or Al,O3).

Detailed information for the analysis of each sample is provided in Table 2.3.

Table 2.3 Parameters used to conduct DSC/TGA experiments. All samples were analysed at

AT/At = 10 °C min~t with a constant Ar flow (40 mL min™?).

Sample mass Temperature range
Sample Crucible
(mg) (°C)
LiB11H14'(H20)n 7 Al 40 - 300
NaBi11H14:(H20), 7 Al 40 - 300
Al 40 — 300
KB11H14 7
40— 170- 40
a-LiB11H14:(H20), 7 Al,03 25 — 300
LiB11H14'ZHzO 7 A|203 25 — 300
LiBnH14 7 A|203 25— 300
40 — 350
NazBi1His3 5 Al
40 - 220- 40
Na11(811H14)3(811H13)4 5 Al 40 — 350

Samples that were prepared in an Al crucible were crimp-sealed with a lid, and the lid was
pierced =~ 10 seconds prior to being transferred to the Pt furnace for the analysis. The lid of
the Al,O3 crucibles already has a small hole. Once the sample is loaded, the furnace is
evacuated and filled with argon, which is kept under a flow of 40 mL min~! during analysis. All
samples were analysed over a temperature rate of 10 °C min. The temperature and
sensitivity of the DSC/TGA was calibrated using In, Zn, Sn, Bi and CsCl reference materials,

resulting in a temperature accuracy of + 0.2 °C, while the balance has an accuracy of + 20 pg.

2.4.6 Thermal Decomposition Analysis by Mass Spectrometry (TDA-MS)
The evolved gases from LiBi1Hia:(H20)n, NaBiiHia:(H20), and KBiiHia during thermal

treatment were analysed through mass spectrometry (MS) using a Stanford Research Systems
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(SRS) residual gas analyser (RGA-300) equipped with a quadrupole mass spectrometer. A
heated filament produces electrons that collide against gas molecules to produce positive
ions in the ionizer. Those positive ions are separated in the quadrupole filter based on their
mass-to-charge (m/Z) ratio, which are then identified by an ion detector. * 5 mg of each
sample, previously hand-ground, was placed inside a stainless steel reactor inside an argon-
filled glovebox and sealed. The reactor was subjected to high vacuum (< 8 x 10™* mbar) and
heated from 25 to 300 °C (2 °C min™) while emitted gases were sampled by the MS.
Temperature was controlled with a tube furnace and monitored by a K-type thermocouple =

5 mm from the sample.

2.4.7 Temperature Programmed Photographic Analysis (TPPA)

The thermal behaviour of some solid-state metal-boranes was also investigated by analysing
a pellet of the sample using photographs that were taken each five seconds during heating
(AT/At = 10 °C minl). ~ 50 mg of each sample (KB11H14, LiB11H14:2H,0 and a-LiB11H14:(H20)n)
was pressed at 700 MPa inside an argon-filled glovebox using an electric oil-less press and a
pellet press die set of 6 mm diameter. This pellet was then transferred to a glass tube, sealed
with a rubber septa containing a balloon full of argon gas and placed in a custom-made brass
heating block, as described by Paskevicius et al. [26]. KB11H14 was heated from RT to = 170 °C,
whereas LiB11H14:2H,0 and a-LiB11H14:(H20), were heated from RT to =~ 230 °C.

2.4.8 Theoretical Calculations

Theoretical studies using the quantum-mechanical method Density Functional Theory (DFT)
were also performed to calculate the geometry and spectroscopic properties of Bi1H14~and
B11H130H™ and then compared to experimental results. All geometry optimisations and
vibrational frequency calculations were carried out using Gaussian 09 [27]. The geometry
optimisation and vibrational frequency calculations were fully optimised on a B31LYP/aug-cc-
pvdz level of theory [28]. Molecules were drawn and evaluated using Diamond v3.2 and
rendered using POV-RAY. Charges were calculated via the Natural Bond Orbital (NBO)
analyses [29]. NMR single-point calculations were carried out using the gauge-including
atomic orbital (GIAO)-based approach [30] in acetonitrile using the conductor like polarisable

continuum model (CPCM) as the solvation model [31]. It has been shown that the inclusion
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of the implicit solvent model in the NMR calculation step is crucial to improve the prediction
accuracy of calculated chemical shifts [32]. All 11B chemical shifts are relative to the computed
shielding of BF30O(C;Hs); as the reference compound with an additional correction of +1.83

[33]. All theoretical studies were conducted by Dr Terry Humphries at Curtin University.

2.4.9 Electrochemical Impedance Spectroscopy (EIS)

EIS is an important technique that is widely used to evaluate the properties of solid materials
as ionic conductors. It assesses the electrical properties of bulk materials, which are
correlated to their ionic conductivity properties, and their interfaces at different AC electrical
frequencies and temperatures [34,35]. EIS measurements are conducted by applying an
alternating voltage to an electrochemical cell over different frequencies and then detecting
the current [34].

Electrical resistance, the capacity of a circuit to resist the flow of electrical current, is usually

defined by Ohm’s law:

R=< (14)
where R is the resistance (Q), V is the voltage (V) and / is the current (A). However, only an
ideal resistor satisfies this equation, in which resistance does not change as a function of

frequency, and AC (alternating current) voltage and generated current are always in phase

[36] (Fig. 2.9).

180° 270° 360°

Figure 2.9 Relationship between voltage and current as a function of time of an ideal resistor in AC
circuit. It is said that voltage and current are in phase as both reach their maximum and minimum at

the same time [37].
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Due to the fact that resistance is idealised, impedance is used as a measurement of the
circuit’s ability to impede or resist the flow of electrical current, which takes in consideration
the complex properties of a circuit system [36].

Typically, an AC potential presents a sinusoidal waveform that changes polarity over time,
and the resulting electrical current sine wave appears shifted in phase at the same frequency,

owing to the slow response of the system (Fig. 2.10) [34,36,38].

phase
shift

Figure 2.10 Current response to applied AC potential as a function of time demonstrating the resulting

phase shift. Reproduced with permission [38]. Copyright 2019, Springer Nature.

The applied voltage (V) and the resulting electrical current (/) with the corresponding phase
shift (¢) are defined by equations 15 and 16, respectively [34,38]:

V(t) = Vo sin(wt) (15)
I(t) = Io sin(wt + o) (16)

where V, and I, are the maximum potential and current intensities, respectively, w is the
angular frequency (w = 2ntf, where f is the ordinary frequency), and t is the time. Impedance

(2) can then be defined as an equation (eq. 17) similar to Ohm’s law [34,38]:

@ _ Vosin(wt) sin(wt)
I(t) "o sin(wt + @) - o sin(wt + @)

Z(w) = (17)

Impedance is usually expressed as a complex function in order to simplify mathematical
operations [34]:
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where i is the imaginary unit defined as i =v/—1. The real and imaginary components of the
impedance equation can be determined as follows [34]:

Zge = |Z,|cose (19)
Zim = |Z,|sing (20)

where |Z,| is the magnitude of the impedance [39]:
1Z,] = /ZReZ +Zpm” (21)

The impedance is determined over a wide range of frequency (mHz to MHz) and the data is
usually plotted in a graph of -Z},,, (y-axis), called reactance, vs. Zy, (x-axis), called resistance,
which is known as the Nyquist plot [34,38]. This graph can be modelled, and information
about an equivalent electrical circuit can be extracted [34]. Fig. 2.11 shows some examples of

Nyquist plots and their equivalent circuit model.
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Figure 2.11 Nyquist plots and their schematic equivalent circuit model for (a) a resistor, (b) a capacitor,
(c) a capacitor and a resistor in series, (d) a resistor and a capacitor in parallel. Reproduced and

adapted with permission [34]. Copyright 2018, Elsevier.
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A typical equivalent circuit model that is used to represent the impedance for solid

electrolytes is known as the Randles circuit, as shown in Fig. 2.12.

VYANES)

Diffusionally
controlled
region

Kinetically controlled region

R

7 /Q

Increasing ©

Figure 2.12 Representation of a typical Nyquist plot observed for solid electrolytes in a symmetric cell
with ion-blocking electrodes [40], and its correspondent Randles circuit model. Reproduced and

adapted with permission from [41]. Copyright 2013, Royal Society of Chemistry.

The Nyquist plot of solid electrolytes assembled in a symmetric cell with two ion-blocking
electrodes, such as gold, platinum or stainless steel [40], usually present a semi-circle at the
high and intermediate frequency regions and a 45° line at the low frequency (Fig. 2.12). The
circuit model is formed by an ohmic resistor (Rs), which accounts for the resistance of charge
carriers (contacts and wires), and a capacitor (Ca) in parallel with a resistor (Rct) representing
the double layer capacitance and the charge transfer resistance through the electrolyte,
respectively [40—42]. The capacitor is usually replaced by a constant phase element (CPE), as
proposed by Cole and Cole [43], which takes into account electrode surface inhomogeneities,
for example, in order to better represent a real system [41,42]. The Warburg element (Zy)
represents the diffusion of ions and is usually seen in the low frequency (w) region.
Electrolytes with high ionic conductivity properties exhibit the Warburg impedance
contribution at high frequencies as migration of ions occurs at similar periods as the
operational frequency [41,42]. In that case, usually at high temperatures, the semi-circle is

not evident, and only the spike line from the Warburg element can be observed. The ionic
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conductivity of the solid-state electrolyte is extracted from the intercept of the Nyquist

blocking tail with the x-axis, and is derived from the following equation [40,44]:
d

o =m (22)
where o is the ionic conductivity in S cm™, d is the pellet thickness in cm, / is the x-intercept
of the Nyquist blocking tail, and A is the area of the pellet face in cm?.

Pellets of each powdered sample were pressed at 700 MPa (6 mm in diameter) inside an
argon glovebox, sandwiched between gold foil (0.1 mm in thickness), and sealed within an

airtight ‘Swagelok-type’ Teflon cell (BOLA™) with custom 316 stainless steel electrodes and

spring as shown in Fig. 2.13.

SS electrode

Au foil
SSE

Au foil

SS rod
Spring

SS electrode

Figure 2.13 BOLA™ PTFE (polytetrafluoroethylene) ‘Swagelok-type’ Teflon cell assembly and cross-
sectional view. The electrochemical cell is formed with a pellet of the solid-state electrolyte (SSE)
sandwiched between two gold foils and pressed between stainless steel (SS) electrodes. A spring is
placed between SS rods to allow for a uniform pressure and possible expansion of the cell during

heating [45]. PTFE is used for its high temperature resistance (=~ 260 °C) and its electrical resistance.

The measurements were performed using a ZIVE SP1 electrochemical workstation at 100 mV

AC from 10 Hz to 1 MHz at different temperatures (Table 2.4).
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Table 2.4 Parameters used for EIS measurements of each sample upon heating. Temperature
was monitored by a K-type thermocouple * 5 mm from the pellet and controlled with a tube

furnace. B.M. stands for ball-milled samples.

Approximate Isothermal
Temperature Heating step
Sample sample mass equilibrium
range (°C) size (°C) )
(mg) (min)
LiB11H14:(H20)n 40 25 - 100 25 30
NaBnH14-(HzO),, 40 25— 100 25 30
KB11H14 40 25 - 160 10 30
NaBi1H14:(CsH1403)n 40 25— 100 25 30
LiB11H14+(H20), (B.M.) 40 25— 100 10 30
NaB11H14'(HzO)n (BM) 40 25 - 100 10 30
KB11H14 (B.M.) 40 25— 160 10 30
30— 90
Cl-LiB11H14'(H20)n 50 10 50
90 - 30
30— 90
LiB11H14:2H,0 50 10 50
90 —» 30
LiB11H14 50 30—~ 110 10 50
NazBi11Hi3 30 30— 200 10 50
Nai11(B11H14)3(B11H13)a 30 30—~ 170 10 50

lonic conductivity measurements of samples LiB11H14:(H20)s, NaBi1H14:(H20), and KB11H14
were also performed after ball-milling (B.M.) them individually. Each powder was ball-milled
inside an Across International Planetary Ball Mill (PQ-N0O4) with a ball-to-powder mass ratio
of 10:1 employing stainless steel vials and balls (6 mm in diameter) under an argon
atmosphere for 12 hours at a speed of 400 rpm.

EIS measurements were performed on Swagelok-type cells of LiBi11Hia'(H20), and
NaBi1H14:(H20)nat sub-ambient temperatures. They were wrapped with a Parafilm® tape, and
a K-type thermocouple was placed in close contact to the Swagelok-type cell (x 5 mm from
the pellet’s sample). The wrapped cell was placed inside a plastic bag and transferred to an

ice bath at 0 °C, then to a bath of ice and sodium chloride at -20 °C, and to a bath of dry ice

57



and acetonitrile at =30 °C and -40 °C. The EIS measurements at each temperature were
performed after 30 minutes isothermal equilibrium.

EIS measurements were performed 4 times on a Swagelok-type cell of the sample a-
LiB11H14-(H20), during heating and cooling, and after each cycle the cell was opened inside an
argon glovebox, and the pellet thickness was measured. Each cycle was repeated after an
interval of 24 hours rest at RT.

The measurement uncertainty on each ionic conductivity data point (+ 10 %) is based on the
x-intercept of the Nyquist plot and has little impact on the logarithmic-scale of ionic
conductivity, which spans many orders of magnitude.

The activation energy of ionic conductivity at a specific temperature range (Table 2.5) was

calculated based on the solid-state ionic conductivity for each compound by:
Inoy,, =Inao, — (E—")l (23)

Kg/) T

where o, is a pre-exponential factor (S cm™), E; the activation energy (J), Ks the Boltzmann

constant (1.3806 x 10722 J K™1), and T the temperature (K) [46].

Table 2.5 Temperature range used for determination of the activation energy of ionic

conductivity for each compound.

Sample Temperature range (°C)
LiB11H14+(H20)» 25— 75
NaBi:H14+(H20)» 25-75
KB11H14 70-100
NaB11H1a-(CsH1403)n 25— 75
LiB11H14+-(H20)» (B.M.) 25-75
NaB1:H14+-(H20), (B.M.) 25-75
KB11H14 (B.M.) 70 -100
a-LiB11H14+(H20)s 55 -85
30-50
NazBi1His

170 -190

Nai1(B11H14)3(B11H13)a 30-80
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2.4.10 Linear Sweep Voltammetry (LSV)

The LSV technique was employed to assess the oxidative stability of lithium and sodium
boranes against Li and Na metals, respectively. The method assesses whether the electrolyte
is chemically stable against the metals and at which voltage oxidation of the electrolyte
occurs. A variable potential, which increases linearly with time, is applied to the working
electrode of an electrochemical cell, and the resulting current is recorded to generate a plot
of current vs. voltage [47]. It is important to use a slow scanning rate for potential (V s?) to
minimise the influence of kinetics on the thermodynamic data being collected. The oxidative
stability limit of a solid-state electrolyte (SSE) is then determined from the beginning of the
oxidation reaction, which is represented by an anodic current peak. Two regression lines (R?
> 0.99) are extrapolated, one from the background current and the other from the anodic
signal. The intersection point of those two lines determines the electrochemical oxidative
stability limit of the material [48].

The LSV measurements were performed using a ZIVE SP1 electrochemical workstation.
Initially, graphite was heated to 550 °C in vacuo for 12 h to remove moisture and volatiles,
and it was mixed with the SSE in a weight ratio of 25:75 by grinding with a mortar and pestle.
The electrochemical cell was prepared by pressing a pellet of the material to be tested (30 -
40 mg) with a top layer of the mixture of sample and graphite (~ 3 mg) at 700 MPa under
argon. Graphite was added in order to improve the contact area between electrolyte and
current collector, to increase the electronic conductivity of the solid electrolyte and hence
the oxidation kinetics, and to simulate a bulk-type all-solid-state-battery, where the electrode
is formed by a mixture of carbon, solid electrolyte and active material [48,49]. This two
layered pellet was then sandwiched to form an Al/Pt/sample+C/sample/(Li or Na)
configuration, which was sealed within an air tight ‘Swagelok-type’ Teflon cell (Fig. 2.13). All
LSV measurements were performed at a very slow scan rate (50 puV s?) to avoid an
overestimation of the oxidative stability limit [48]. Details about the parameters used to

conduct the experiment for each sample are listed in Table 2.6.
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Table 2.6 Parameters used to conduct LSV measurements for each sample.

Sample Temperature range (°C) Voltage range (V)
1.5-28.0 (1%t cycle)
LiB11H14:(H20)s 60
1.5-4.5 (2" cycle)
1.5-28.0 (1%t cycle)
NaBi11H14:(H20)n 60
1.5-4.5 (2" cycle)
LiBH4 (control sample) 60 1.5-4.5
1.4 -6.4 (1%t cycle)
a-LiB11H14:(H20)n 30
1.5-5.1 (2" cycle)
NazB11Hi3 30 1.4-6.0
Na11(B11H14)3(B11H13)a 30 1.4-6.0

2.4.11 Galvanostatic Cycling (GC)

Galvanostatic stripping/plating cycling is a common electrochemical method used to analyse
the stability of the SSE against the anode metal and the interfacial contact between
SSE/electrode over time in a symmetric-type cell assembly. The electrochemical cell is
evaluated under a constant current by reversing the polarity (charging and discharging), and
the resulting voltage is recorded, which generates a plot of voltage vs. time. This measures
the ability and stability of the SSE to undergo stripping (dissolution) and plating (deposition)
of the metal over cycling. Fig. 2.14 shows an example of voltage profile during
stripping/plating experiment for LLZO (Lie.25Alo.25La3Zr,012) as SSE against Li metal at 100 pA
cm [50]. The result shows that the interfacial resistance increases during stripping, which is
attributed to the formation of pores on the surface of Li metal, resulting in a decrease in
interfacial contact between SSE and electrode. These pores are reversibly filled during plating,

which causes the interfacial resistance to almost reach its initial value [50].
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Figure 2.14 a) Voltage profile and the corresponding interfacial (Int), bulk and grain boundary (GB)
resistances during stripping/plating experiment on a Li/LLZO/Li symmetric cell at low stack pressure.
b) Schematic representation of dissolution (stripping) process with resulting pore formation and
reduction of contact area between Li and SSE, and c) schematic representation of deposition (plating)

process. Reproduced with permission from [50]. Copyright 2019, American Chemical Society.

Contact loss between SSE and electrode due to pore formation with subsequent increase of
interfacial resistance is a common issue that is observed in Li/SSE cells, which can also result
in overpotential (continuous growth of interfacial resistance) due to poor reversibility of Li
stripping/plating [51]. To investigate the Li stripping/plating behaviour of a-LiB11H14:(H20), at
60 °C over time and to evaluate different strategies to reduce overpotential, three different

symmetric cells of this hydrated nido-borane as SSE were prepared (Fig. 2.15).

A) B) Q)
e
SSE: a-LiB;Hye (H,0), SSE: a-LiB,;Hye (H,0), SSE: a-LiB;,H,q(H,0),

Liquid electrolyte

lonic Liquid: LiB,,H,,-2(H,0)

Figure 2.15 Schematic representation of the three different cells prepared with a-LiB11H14:(H,0), as
SSE to conduct galvanostatic stripping/plating cycling experiment. A) Li/a-LiB11H14-(H20),/Li in a coin
cell, B) Li/LE/a-LiB11H14:(H20)n/LE/Li in a Swagelok-type cell (LE = liquid electrolyte, 1.0 M LiPFs EC/DMC
(v/v =50/50)), C) Li/IL/a-LiB11H14:(H20),/1L/Li in a Swagelok-type cell (IL = ionic liquid, LiB11H14-2H,0).
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All cells were formed by pressing a pellet of the SSE, a-LiB11H14:(H20),, at 700 MPa (6 mm in
diameter, ~ 1.0 mm in thickness, 0.28 cm?in surface area) inside an argon glovebox. The first
cell was assembled by sandwiching the SSE (30 mg) between pure lithium disks (Li/a-
LiB11H14:(H20),/Li) and placing it inside a coin cell containing a nickel foam and a separator

(Fig. 2.16), which was sealed using a coin cell press under argon.

Positive case

\;/ Lithium
— » SSE

— Lithium

;

™.

Figure 2.16 Coin cell assembly and cross-sectional view. The electrochemical cell is formed with a

Negative case

nickel foam (a soft separator), a spacer, and a pellet of the solid-state electrolyte (SSE) sandwiched

between two lithium foils that are all pressed between coin cases.

The second cell of a-LiB11H14:(H20), was prepared in a Swagelok-type assembly with the
addition of 1 drop of liquid electrolyte (LE) lithium hexafluorophosphate solution in ethylene
carbonate and dimethyl carbonate (1.0 M LiPFs EC/DMC (v/v = 50/50)) on top of each side of
the SSE (30 mg) and sandwiched between lithium disks to form a Li/LE/a-LiB11H1a:(H20),/LE/Li
cell. The third cell was prepared with the addition of 1 mg of ionic liquid (IL) LiB11H14:2H>0 on
each side of the SSE a-LiB11H14:(H20), (28 mg), which was pressed together at 700 MPa (6 mm
in diameter, ~ 1.0 mm in thickness, 0.28 cm? in surface area). This pellet was sandwiched
between lithium disks to form a Li/IL/a-LiB11H14:(H20),/IL/Li cell. Numerous other cells were
prepared to optimise this experiment and arrive at the conditions described here.

All galvanostatic measurements were performed on a Landt Instruments Battery Testing
System. The cells were left for 12 h at 60 °C at open circuit voltage prior to the commencement

of the measurements. A constant current density of 25 uA cm was applied for 1 hour in each
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direction alternating for 48 hours. Then, the current was increased to 50 pA cm™ and left

running for 168 hours with 1 hour sweeps.

2.4.12 Battery Assembly and Electrochemical Measurements

The SSE a-LiB11H14:(H20), was also tested in a proof-of-concept battery using Li as the anode
and TiS; as the cathode. Among all types of anode materials, lithium is the one with the
highest theoretical specific capacity (3,860 mAh g*) and the lowest redox potential (-3.04 V
vs. standard hydrogen electrode), which can lead to batteries with more power/weight ratio
and longer lifespan [52]. TiSzis a known cathode material that works through an intercalation
process with Li metal as the anode, which results in a lithium titanium disulphide intercalation
compound with a small lattice expansion (reaction 24) [53].

xLi + TiS; 2 LiyTiS, (24)

TiS, presents relatively low cost, high electrical conductivity, high theoretical capacity (239
mAh g) and a working voltage < 2.5 V vs. Li*/Li, which is close to the oxidative stability limit
determined for a-LiB11H14:(H20), [53,54]. The theoretical gravimetric capacity of an active

material is determined through the following equation [55]:

Capacity = TJW—F (25)

where n is the number of transferred electrons in the electrochemical process, F is the
Faraday’s constant (26.801 Ah mol), and M is the molecular weight of the material (g mol?).
A common method used to perform battery tests is the galvanostatic cycling with potential
limitation, in which a constant current is applied to the cell in a defined voltage range. The
current is expressed in terms of C-rate, here defined as nC, in which the current fully
discharges the battery in 1/n hours, whereas Cis the real capacity [56]. In the case of a battery
with TiS; as the cathode, 1 C =239 mA g (eq. 25). The result is usually plotted in a graph of
voltage vs. specific capacity over several cycles. The measured voltage indicates the
electrochemical intercalation reaction that happens between Li (anode) and TiS, (cathode)
mediated by the SSE, and the specific capacity that is measured during discharge
demonstrates the capacity retention of the cell at different cycles. The Coulombic efficiency

(CE), an estimate of the cycling life of the battery as it accounts for the loss of Li* to side
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reactions during charge/discharge process, is determined by the percentage ratio between
discharge and charge capacity at each cycle [56,57].

Two different types of solid-liquid hybrid batteries were prepared with the use of a-
LiB11H14:(H20)n as SSE, Li as the anode, and a mixture of SSE and TiS; as the cathode (Fig. 2.17).
The latter was prepared by hand mixing a-LiB11H14:(H20), with TiS; in a 1:1 proportion by mass
in a mortar and pestle. Numerous other cells were prepared to optimise this experiment and

arrive at the conditions described here.

A) B)

lonic Liquid: LiB,;H,,-2H,0
——= lonic Liquid: LiB,;H,,-2H,0

Cathode: TiS, + SSE

Liquid electrolyte

Cathode: TiS, + SSE

Figure 2.17 Schematic representation of the solid-liquid hybrid batteries prepared for the conduction
of the battery tests at 60 °C. A) Li/LE/a-LiB11H14:(H20)n/a-LiB11H14:(H20),+TiS; cell prepared with
addition of one drop of 1.0 M LiPFg¢ EC/DMC (v/v = 50/50) on the interface Li/SSE. B) Li/IL/a-
LiB11H14:(H20),/IL/a-LiB11H14:(H20),+TiS; cell prepared with addition of 1 mg of LiB1;H14:2H>0 on each

interface.

To prepare the Li/LE/a-LiB11H14:(H20)n/a-LiB11H14:(H20)n+TiS: cell, 25 mg of a-LiB11H1a:(H20)s
was pressed at 350 MPa, 2 mg of the cathode mixture was then added on top of the SSE pellet,
and both were pressed together at 700 MPa (6 mm diameter). One drop of LE 1.0 M LiPFs
EC/DMC (v/v = 50/50) was added on top of a Li metal disk (6 mm diameter) and hand-pressed
together with the pellet of SSE and cathode in a Swagelok-type cell. The second cell (Li/IL/a-
LiB11H14:(H20)n/IL/a-LiB11H1a:(H20)n+TiS2) was prepared by pressing a pellet (6 mm diameter)
of 1 mg of LiB11H14:2H,0 on each side of the SSE a-LiB11H14:(H20), (23 mg) at 350 MPa. 2 mg
of the cathode mixture was added on top of that pellet and pressed together at 700 MPa. A
Li foil (6 mm diameter) was hand-pressed with the pellet in the opposite side of the cathode,

which was assembled in a Swagelok-type cell.
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All measurements were performed on a Landt Instruments Battery Testing System at 60 °C in
the voltage range 1.7 — 2.5 V vs. Li*/Li. Only the mass of TiS; was considered for the calculation
of the specific capacity. Details about the experiments performed for each cell are

demonstrated in Table 2.7.

Table 2.7 Details of the charge/discharge cycling experiments performed for each cell, with
the number of cycles (discharge and charge from 1.7 — 2.5 V vs. Li*/Li) performed at each C-
rate (1 C = 239 mA g?). All batteries were assembled in a Swagelok-type cell, and all

measurements were performed at 60 °C.

Cell Experiment number C-rate Number of cycles
0.05¢C 1
01C 1
Li/LE/SSE/SSE+TiS; 1 0.2C 1
03C 1
04cC 50
01C 6
Li/LE/SSE/SSE+TiS; 2
02¢C 60
0.05C 1
01C 1
Li/IL/SSE/IL/SSE+TiS; 3 0.2C 1
03C 1
04C 1
Li/IL/SSE/IL/SSE+TiS; 4 04cC 50

2.4.13 Critical Current Density (CCD) Test

A critical current density test is usually performed to determine the maximum current density
that a battery can endure without cell failure. A method that can be used to estimate the CCD
is called endurable time control measurement, in which the cell is analysed at each current
density for several cycles. This demonstrates the effects of cycling and current density at the

same time in a plot of voltage vs. time [51].
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In order to determine the CCD of the symmetric Li/a-LiB11H14:(H20),/Li cell in a Swagelok-type

assembly, an endurable time control measurement was performed. Initially, the cell was left

resting for 12 h at 60 °C at open circuit voltage, and then a constant current density of 25 pA

cm2 was applied for 30 minutes sweeps during 5 hours. The current density was then raised

up to 750 pA cm™ with increases of 25 pA cm™ steps and left at each current density for 5

hours with 30 minutes at each direction [58]. The measurement was performed on a Landt

Instruments Battery Testing System.
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CHAPTER 3
Hydrated Alkali-Bi1Hi4 Salts as

Potential Solid-State Electrolytes
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ABSTRACT

Metal boron-hydrogen compounds are considered as promising solid electrolyte candidates
for the development of all-solid-state batteries (ASSB), owing to the high ionic conductivity
exhibited by closo- and nido-boranes. In this study, an optimised low cost preparation method
of MB11H14:(H20)s, (M = Li and Na) and KB11H14 is proposed and analysed. The formation of
the B11H147 salt is pH-dependent, and H30* competes with small ionic radii cations, such as Li*
and Na*, to produce a hydronium salt of B11H14~, which forms B11H130H™ upon heating. The
use of diethyl ether to extract B11H14™ salt from the aqueous medium during synthesis is an
important step to avoid hydrolysis of the compound upon drying. The proposed method of
synthesis results in LiB11Hi4 and NaBiiHis coordinated with water, whereas KB11His is
anhydrous. Hydrated LiB11H1a:(H20)» and NaBiiHia:(H20), exhibit exceptional ionic
conductivities at 25 °C, 1.8 x 1074 Scm™and 1.1 x 1073 S cm™3, respectively, which represent
some of the highest solid-state Li* and Na* conductivities at room temperature. The salts also
exhibit oxidative stability of 2.1 V vs. Li*/Li and 2.6 V vs. Na*/Na, respectively. KB11H1a
undergoes a reversible polymorphic structural transition to a metastable phase before

decomposing. All synthesised nido-boranes decompose at temperatures greater than 200 °C.

3.1 INTRODUCTION

The use of natural resources, such as the sun, wind, or waves, is a clean and sustainable
strategy to replace fossil fuels and to produce renewable energy. However, these sources of
power are intermittent, which make them incapable of fulfilling the demands of base-load
energy usage. One way to address this problem is to develop more efficient and low cost
energy storage devices, such as batteries, to be coupled with renewable sources and allow
continuous electricity supply [1-3].

The drawbacks of state-of-the-art lithium-ion batteries, such as the use of toxic and
flammable liquid organic electrolytes, along with the risks of leakage, freezing, and
vaporisation of the organic component, have led to extensive research on the development
of all-solid-state-batteries (ASSBs), which are considered the next-generation electrochemical
storage device [4-7]. Furthermore, the energy density of a battery cell can be increased with
the use of solid electrolytes, as they are compatible with alternative electrode materials, e.g.
lithium metal, which is considered the ultimate anode for ASSBs. Lithium has a low standard

half-cell potential (-3.04 V vs. standard hydrogen electrode) and a high theoretical capacity
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(3860 mA g™1), thus the energy density of the battery can be increased significantly [8,9].
Another advantage that ASSBs bring is that they are easier to miniaturize, as the electrolyte
is no longer a liquid [7].

The first challenge in building an ASSB is to develop a solid-state electrolyte with high ionic
conductivity at room temperature (= 1 x 1073 S cm™). The electrolyte must be an electrical
insulator, inert, be compatible with the anode and cathode materials, and possess a wide
electrochemical stability window capable of covering the working potential of the cell [7,10].
Many different classes of materials have been studied, including, but not limited to, polymers
[11,12], metal oxides [13,14], sulfides [15—-17], and metal boron-hydrogen compounds [18—
21]. The latter have recently drawn attention from several research groups due to their ability
to adopt a disordered crystallographic structure at elevated temperature that leads to
superionic conductivity [22]. Additionally, complex metal hydrides are strong reducing agents
and generally electrochemically stable against a metallic lithium or sodium anode. Sodium
and potassium batteries are under strong consideration to replace lithium batteries due to
the high abundance and lower cost of both metals [23,24]. To ensure a viable and affordable
large-scale production of the battery, it is important to find an electrolyte with a low materials
and synthesis cost.

Nido-boranes, boron-hydrogen anions with a nest like structure, can form impressive ionic
conducting salts with Na* cations [21,25]. Pathways for producing the metal nido-boranes
MB11H1a, M = Li, Na, or K, free of ethereal solvent, have not been clearly elucidated. In
previous research, NaBi11H14 was commercially obtained [21], and its ionic conductivity was
considerably high at room temperature ( 1 x 103 S cm™). However, the NaBiiHis was
drastically different in terms of its structure and properties when supplied from two different
batches from the same company [21]. Another study on the synthesis of NaBiiHia lacks
certain synthetic details on concentration of reactants and pH that are vital in preparing this
material [25]. In addition, the ionic conductivity measurements for commercially supplied
NaBiiH14 and for NaBiiHis4 synthesised using decaborane are published, but not for the
compound synthesised from diglyme, leading to concerns over its purity and yield [25]. This
highlights how difficult it can be to achieve a reproducible and reliable synthesis of MB11H14
(M = Li, Na, K). In previous research, there is also no clear evidence of the analysed borane
salt being solvated by, e.g. water [21,25]. Herein, the synthesis of LiB11H1a:(H20)s,

NaBi1H1a:(H20), and KB11H14, free of diglyme, through a facile, cheap, and safe synthetic route
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to be mass-produced is presented, alongside the electrochemical properties, the structural

features, and the trends in thermal behaviour.

3.2 EXPERIMENTAL

3.2.1 Chemicals

Sodium borohydride (NaBHs4, anhydrous, 98%), diglyme (CeéH1403, anhydrous, 99.5%), 1-
bromopentane (CsH11Br, 98%), diethyl ether ((C2Hs)20, anhydrous, 99.7%), trimethylamine
hydrochloride ((CH3)sN-HCI, 98%), potassium hydroxide (KOH, 90%), sulphuric acid (H2SOa,
95-98%), deuterated water (D20, 99.9 atom % D), deuterated dimethyl sulfoxide (DMSO-ds,
anhydrous, 99.9 atom % D), deuterated acetonitrile (CDsCN, 99.8 atom % D), lithium (Li
ribbon, thickness 0.38 mm, 99.9%), sodium (Na lump in kerosene, 99%), and graphite powder
were all purchased from Sigma-Aldrich. Lithium hydroxide (LiOH, anhydrous, 98%) and gold
foil (Au, 99.95%, thickness 0.1 mm) were obtained from Alfa Aesar, sodium hydroxide (NaOH,
98.9%) from VWR Chemicals, and hydrochloric acid (HCl, 37%) from Scharlau. In order to
maintain an inert atmosphere, all chemicals and samples were manipulated in an argon filled

glovebox (Mbraun, O, & H,0 < 1 ppm) or using Schlenk techniques.

3.2.2 Synthesis of trimethylammonium nido-tetradecahydroundecaborane, (CH3)sNHB11H14

CgH1403, 100°C

11NaBHa(s) + 10CsH11Brj) ———— NaB11H14+(CeH1403)n(sol) + 10NaBr(s) + 10CsH12(g) + 10H2(g)

(1)
NaB11H14+(CsH1403)n(aq) + (CH3)sN-HCliog) —— (CH3)sNHB11H1a) + NaCliag) + N(CoH1403)(aq)

(2)
The syntheses of NaB11H14:(CsH1403), and (CH3)3sNHB11H14 (eq. 1 and 2) were performed based
on methods previously reported by Dunks et al. [26] and Muetterties et al. [27] with
adaptations. NaBHa (50 g, 1.32 mol) was weighed into a three-neck round-bottom flask
equipped with a thermometer, a mechanical stirrer, and a pressure-equalising dropping
funnel. Under stirring, and a constant stream of argon, the powder was suspended in diglyme
(400 mL) and heated to 105 °C. 1-bromopentane (150 mL, 1.20 mol) was added drop-wise to
ensure that the temperature was kept between 105 and 120 °C (exothermic reaction). After

complete addition, the reaction mixture was stirred for six additional hours at 110 °C. The

resulting suspension of yellow liquid and white powder (undissolved NaBr) was cooled to
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room temperature, filtered, and washed with about 50 mL of diethyl ether. The filtrate was
dried in vacuo at 110 °C until a gelatinous yellow substance (40.5 g) was obtained. This yellow
substance was then completely dissolved in a minimum amount of hot water, and an aqueous
solution of trimethylamine hydrochloride (31.5 g, 0.33 mol) was added in excess, resulting in
the formation of a yellow-white precipitate. The suspension was transferred to an ice bath
and left resting for 30 minutes, filtered, and washed with cold water. The light yellow powder
was then dried in vacuo at 90 °C, yielding 9.0 g (0.047 mol, 39% yield) of trimethylammonium
nido-tetradecahydroundecaborane ((CH3)sNHB11H14).

NaB11H14:(CsH1403)n: *H NMR (D20, 400 MHz): § (ppm) 0.30 — 2.60 (m, 11H, B¥*1H), 3.31 (s,
6H, OCH3), 3.55 (m, 4H, CH;) and 3.61 (m, 4H, CH>). 1*B{*H} NMR (D20, 128 MHz): & (ppm)
-17.3 (B’"''H), -16.2 (B?>"®H) and -15.2 (BH). 1B NMR (D0, 128 MHz): § (ppm) -17.3 (d,
B7"11H, J = 145 Hz), -16.2 (d, B>®H, J = 145 Hz) and -15.1 (d, B'H, J = 130 Hz).
(CH3)3sNHB11H14: *H NMR (CDsCN, 400 MHz): 6 (ppm) 0.50 — 2.40 (m, 11H, B}"1H), 2.73 (s, 9H,
NCH3). 11B{*H} NMR (CDsCN, 128 MHz): 6 (ppm) -16.8 (B”"11H), -16.0 (B>®H) and -14.2 (BH).
11B NMR (CD3CN, 128 MHz): 6 (ppm) -16.9 (d, B"**H, J = 120 Hz), -15.9 (d, B> ®H, J = 120 Hz)
and -14.2 (d, B'H, J = 145 Hz).

3.2.3 Synthesis of alkali metal nido-tetradecahydroundecaborane, MB11H14 (M = Li, Na, K)

H,0, 100°C

(CH3)3NHB11H14(aq) + 2MOH aq) ———— M2B11H13(aq) + (CH3)3N(g) + 2H20) (3)
H,0,80°C
I\/IzB11H13(aq) + HC|(aq) _ /\/IB11H14(aq) + /\/lC|(aq) (4)
H,0, 80°C
M>B11H13(aq) + H2S04(aq) ——— MB11H14(aq) + MHSOu4(aq) (5)

The synthesis of MB11H14 (M = Li, Na, K) was adapted from a methodology presented by
Klanberg and Muetterties [28]. In this report, they demonstrate a procedure to obtain
CsB11H14 by initially synthesising Na;B11H13 (eqg. 3) and show that the reduction of the pH of
the reaction medium to 4 - 5 with addition of H,SOa4 yields NaBi1Hi4 (eq. 5). However, they
do not demonstrate how to isolate NaBii1H14, neither how to prepare LiB11H14 or KB11H1a4,
which is presented here for the first time based on the following method.

Trimethylammonium nido-tetradecahydroundecaborane (1.5 g, 7.77 mmol for LiB11H14 and
NaBi1Hi4 and 0.5 g, 2.59 mmol for KB11H14) was dissolved in a 0.5 mol L™ aqueous solution of

metal hydroxide (LiOH: 75 mL, NaOH: 75 mL, KOH: 30 mL) and heated to boiling (100 °C) for
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~ 20 minutes (eq. 3). The solution was cooled to room temperature, filtered, and the filtrate
was heated to 80 °C. The pH of the solution was adjusted to 4 - 5 by slow addition of 1.0 mol
L™! aqueous solution of inorganic acid (LiB11H14 and NaB11H14 were prepared with HCI, eq. 4,
and KB11H14 with H2S04, eq. 5), and then washed with diethyl ether at room temperature. The
organic layer, a yellowish liquid, was isolated from the aqueous solution, flushed with argon,
and dried in vacuo at 80 °C, which resulted in the formation of a deliquescent white powder
of alkali metal nido-tetradecahydroundecaborane (LiB11H14: 0.89 g, 6.36 mmol, 82% yield,
NaBi1H14: 0.68 g, 4.36 mmol, 56% yield, KB11H14: 0.30g, 1.74 mmol, 67% yield).

MBi11H1a (M = Li, Na and K): *H NMR (DMSO-ds, 400 MHz): § (ppm) -0.30 — 2.50 (m, 11H,
BI-11H). 11B{*H} NMR (DMSO-ds, 128 MHz): § (ppm) -16.8 (B”"1!H), -16.0 (B>®H) and -14.2
(BH). 1B NMR (DMSO-ds, 128 MHz): § (ppm) -16.9 (d, B’"**H, J = 125 Hz), -15.9 (d, B>*®H, J =
125 Hz) and -14.2 (d, BH, J = 135 Hz).

3.2.4 Characterisation

3.2.4.1 Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) spectra were collected on a Bruker Avance 11l 400 MHz
NanoBay spectrometer (*H: 400 MHz, 1B: 128 MHz, 'B{*H}: 128 MHz) at room temperature.
The powdered samples were dissolved in 600 uL of deuterated solvent (DO, DMSO-ds or
CD3CN) prior to analysis. The B spectra were referenced to a boron trifluoride etherate
(BF30(C2Hs)2) external standard, and the 'H spectra were referenced to a tetramethylsilane

(Si(CH3)4) external standard.

3.2.4.2 Fourier Transformed Infrared Spectroscopy

Fourier Transformed Infrared Spectroscopy (FTIR) was conducted on a Thermoscientific
Summit ATR spectrometer. Data was measured between 500 - 4000 cm™ with a spectral
resolution of 4 cm™. A total of 16 scans were collected and averaged per sample. The samples

had to be briefly exposed to air (< 10 s) upon mounting.

3.2.4.3 Thermogravimetry and Differential Scanning Calorimetry
Simultaneous Thermogravimetry (TGA) and Differential Scanning Calorimetry (DSC)
measurements were performed with a Netzsch (STA 449 F3 Jupiter) under an argon flow of

40 mL min~! using Al crucibles containing approximately 7 mg of sample in a Pt furnace. The

77



crucible lids were pierced ~ 10 seconds before being placed in the instrument. The analysis
was conducted by heating from 40 — 300 °C at 10 °C min~'. KB11H14 was also analysed under
heating and cooling (40 — 170 — 40 °C) at 10 °C min™'. The furnace containing the sample was

evacuated prior to being placed under an argon flow.

3.2.4.4 Thermal Decomposition Analysis by Mass Spectrometry (TDA-MS)

Thermal decomposition data was obtained by Mass Spectrometry (MS) analysis of the
evolved gas using a Stanford Research Systems (SRS) residual gas analyser (RGA-300)
equipped with a quadrupole mass spectrometer. The samples (= 5 mg) were placed inside a
stainless steel reactor under an argon atmosphere, sealed, and heated from 25 to 300 °C (2
°C min~!) under high vacuum (< 8 x 10™* mbar). Temperature was controlled with a tube

furnace and monitored by a K-type thermocouple ~ 5 mm from the sample.

3.2.4.5 X-Ray Powder Diffraction

Crystallographic phase analysis was performed at room temperature with X-Ray Powder
Diffraction (XRPD) measurements by employing a Bruker D8 Advance Powder Diffractometer
with a Cu K, radiation source (A = 1.54056 A) run at 40 kV/40mA with a LynxEye detector in
the 28 range of 5 - 60°. The powder was mounted inside an argon glovebox on a single-crystal
Si low background sample holder and sealed with an airtight poly(methyl-methacrylate)
(PMMA) dome.

Additionally, XRPD data of the NaBiiHis:(H20), sample were collected on a ThermoFisher
ARL Equinox 5000 diffractometer using a Mo source (Mo K, radiation, A = 0.7093 A) at room
temperature and at -100 °C. The powdered sample was mounted inside an argon glovebox
and sealed within a borosilicate capillary (OD 0.7 mm). The sample was cooled under a
constant stream of liquid nitrogen, and the temperature was monitored by a K-type
thermocouple = 10 mm from the capillary. Data were acquired using a curved position

sensitive X-ray detector (CPS 120) with acquisition in real time over 120° 2.
3.2.4.6 Synchrotron X-Ray Powder Diffraction

Synchrotron XRPD data were collected at the powder diffraction beamline at the Australian

Synchrotron using a wavelength of A = 0.563476(5) A, which was refined using a NIST LaBs
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660b line position standard. KB11H14 powder was loaded into 0.7 mm borosilicate capillary
and sealed with a flame. Data were collected on a Mythen Il microstrip detector at two
positions, and later combined into gap-free data sets, from 1° — 76° 2. A data set was
collected at both 20 °C and 177 °C after collecting data for 240 s and 460 s, respectively.
Additionally, in-situ XRPD data were collected during heating and cooling, where the sample
was heated from 20 °C to 177 °C at 5 °C/min and then cooled at 6 °C/min to room
temperature. Temperature was controlled using an Oxford Cryosystems Cryostream Plus.

Crystallographic indexing and structure solution were performed using Bruker TOPAS. The
room temperature KBi1H1a structure was solved using simulated annealing, treating the
Bi1H14™ units as rigid bodies. The structure was then refined with the Rietveld method. A minor
impurity of K;SO4 was also modelled during structure solution. The background was defined
using an 11* order Chebyshev polynomial. Unit cell parameters, scale factors, zero-point,
peak shape mixing parameters and occupancies of K and B atoms were refined together.
Isotropic displacement parameters, Biso, were refined as a single parameter for the K and B
atoms, while those for H were not refined. The supplementary crystallographic data has been

deposited into the Inorganic Crystal Structure Database (CSD 2090015).

3.2.4.7 Single-Crystal X-Ray Crystallography

A single crystal of LiB11H14-2H;0 was grown by allowing an aliquot of the diethyl ether layer
(obtained during synthesis after performing the liquid-liquid extraction step) to dry naturally
at room temperature inside an argon filled glovebox. The crystal was mounted inside a
glovebox, where it was transferred to a borosilicate capillary and sealed. The capillary
containing the clear light colourless block-shaped crystal with dimensions 0.24 x 0.18 x 0.14
mm? was then mounted onto a XtalLAB Synergy-S diffractometer, with data collected at
294.9(3) K. Data were measured using w-scans using Cu K radiation. The diffraction pattern
was indexed and the total number of runs and images was based on the strategy calculation
from the program CrysAlisPro (Rigaku, V1.171.40.53, 2019). The maximum resolution that
was achieved was 6= 67.894° (0.83 A). The unit cell was refined using CrysAlisPro (Rigaku,
V1.171.40.53, 2019) on 3182 reflections.

Data reduction, scaling, and absorption corrections were performed using CrysAlisPro
(Rigaku, V1.171.40.53, 2019). The final completeness was 66.30 %, which was low, as the

sample became dislodged inside the capillary during data collection and could not be
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recovered. Numerous (~ 22) other ‘single-crystal’ samples were screened, however all were
highly polycrystalline, making structure solution impossible. A multi-scan absorption
correction was performed using CrysAlisPro 1.171.40.53 (Rigaku Oxford Diffraction, 2019).
The absorption coefficient u of this material is 0.388 mm™ at this wavelength (1 = 1.54184A)
and the minimum and maximum transmissions are 0.154 and 1.000.

The structure was solved and the space group C2/c (# 15) determined by the ShelXT [29,30]
structure solution program using dual methods and refined by full matrix least squares
minimisation on F? using version 2018/3 of ShelXL [29-31]. All non-hydrogen atoms were
refined anisotropically. Hydrogen atom positions on the water ligands, and on the Bi1H14~
cage were found in a difference map, then refined freely with 1,2 and 1,3-restraints used to
optimize their geometry. The supplementary crystallographic data has been deposited into

the Inorganic Crystal Structure Database (CSD 2031335).

3.2.4.8 Electrochemical Evaluation

Electrochemical Impedance Spectroscopy (EIS) was performed on pellets using a ZIVE SP1
electrochemical workstation. The powdered samples were pressed into pellets (6 mm
diameter, * 1 mm thickness) under an argon atmosphere at 200 MPa, sandwiched between
gold foil (0.1 mm thickness), and sealed within an air tight ‘Swagelok-type’ Teflon cell with
316 stainless steel electrodes. Temperature was monitored by a K-type thermocouple 5 mm
from the pellet and controlled with a tube furnace from room temperature to 100 °C, for
LiB11H14:(H20)» and NaBiiHia:(H20),, and to 160 °C for KBiiHisa samples. The cells of
LiB11H14:(H20), and NaB11H14:-(H20), were also cooled down to 0 °C using an ice bath, -20 °C
using a bath of ice and sodium chloride, as well as both -30 °C and -40 °C using a bath of dry
ice and acetonitrile. EIS was conducted at 100 mV AC from 100 Hz to 1 MHz after 30 minutes
of thermal equilibrium at each temperature. lon conductivity data (o) were derived from

Nyquist impedance plots as:

o= (1)
where o is the conductivity value in S cm™, d is the pellet thickness in cm, A is the area of the
pellet face in cm? and / is the x-intercept of the Nyquist blocking tail. This tail accounts for the
diffusion of ions in the electrolyte [1]. The uncertainty on each ion conductivity data point (+

10 %) is based on the x-intercept of the Nyquist plot and has little impact on the logarithmic-
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scale, where ion conductivities span many orders of magnitude. lonic conductivity
measurements of all samples were also performed after ball-milling them individually. Each
powder was ball-milled inside an Across International Planetary Ball Mill (PQ-N04) with a ball-
to-powder mass ratio of 10:1 employing stainless steel vials and balls (6 mm in diameter)
under an argon atmosphere for 12 hour at a speed of 400 rpm.

Linear sweep voltammetry (LSV) was performed to investigate the oxidative stability of
LiB11H14:(H20)n, NaB11H14:(H20), and LiBH4 based on a method proposed by Han et al. [17]
and Asakura et al. [32] LiBHs was used as a control sample to compare the results with
previously published papers [10,32]. The material to be tested was mixed with graphite,
previously heated to 550 °C under vacuum for 12 h, in a weight ratio of 75:25 by grinding 5
times with a mortar and pestle. Graphite is added in order to improve the contact area
between electrolyte and current collector, to enhance the decomposition kinetics by
increasing the electronic conductivity of the solid electrolyte, and to simulate a bulk-type all-
solid-state-battery, where the electrode is formed by a mixture of carbon, solid electrolyte
and active material [17,32]. 3 mg of the mixture was layered on top of 40 mg of the pristine
material, which were pressed together at 200 MPa under argon to form a two layered pellet.
This pellet was sandwiched to form a Al/Pt/sample+C/sample/(Li or Na) configuration, which
was sealed within an air tight ‘Swagelok-type’ Teflon cell. LSV was conducted at 60 °C with a
scan rate of 50 uV s from 1.5 V to 8.0 V for the nido-boranes, and from 1.5 to 4.5 V for LiBHa.
A second LSV cycle was also applied for the nido-boranes from 1.5 to 4.5 V at the same scan
rate and temperature. The oxidative stability of the material was determined from the
intersection point of two linear lines with R2 > 0.99 (the background and the oxidative current)

[32].

3.2.4.9 Temperature Programmed Photographic Analysis (TPPA)

A pellet of KB11H14 (= 50 mg) on top of a gold foil was pressed at 200 MPa, transferred to a
glass tube under an argon atmosphere and placed in a custom-made brass heating block. The
sample was heated from RT to 170 °C (AT/At = 10 °C/min) while photos of the sample were

collected every five seconds [33].
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3.2.4.10 Theoretical Calculations

All geometry optimisations and vibrational frequency calculations were carried out using
Gaussian 09 [34]. All methods were used as implemented. The geometry optimisation and
vibrational frequency calculations were fully optimised on a B31LYP/aug-cc-pvdz level of
theory (Tables A.1-A.4) [35]. Molecules were drawn and evaluated using Diamond v3.2 and
rendered using POVRAY (Fig. A.1). Charges were calculated via the Natural Bond Orbital (NBO)
analyses (Table A.5) [36]. NMR single-point calculations were carried out using the gauge-
including atomic orbital (GIAO)-based approach [37] in acetonitrile using the conductor like
polarisable continuum model (CPCM) as the solvation model (Tables A.6-A.7) [38]. It has been
shown that the inclusion of the implicit solvent model in the NMR calculation step is crucial
to improve the prediction accuracy of calculated chemical shifts [39]. All !B chemical shifts
are relative to the computed shielding of BFsO(C2Hs); as the reference compound with an

additional correction of +1.83 [40].

3.3 RESULTS AND DISCUSSION
3.3.1 Sample preparation and characterisation
The synthesis of NaB11H14 can be accomplished by different synthetic routes, as demonstrated

by known reactions 6 and 7 [41,42]:

dioxane, 90 ‘c

NaBHas) + BioH141) ————— NaB11H1a:(dioxane)n(sol + 2H2(g) (6)
glyme, 85°C
11BsHo(g) + SNaHso)) ———— 5NaB11H14(so)) + 17H2(g) 7

The use of decaborane (BioH14) and pentaborane (BsHs) in chemical reactions is preferably
avoided since they are highly toxic and potentially explosive. Moreover, they are expensive
reactants, which make their use for the synthesis of NaBiiHi4 impractical in scale-up
production. Hence, the reaction of 1-bromopentane with sodium borohydride in diglyme (eq.
1), first demonstrated by Dunks et al. [26], becomes the safest and cheapest synthetic
pathway for B11H14™ salts. Here, a reaction mechanism is hypothesised in equations 8 —11 and
explained as follows [26,43,44]. The reduction of the alkyl halide by BH4™ in diglyme produces
diborane (B2Hs), a highly reactive gas (eq. 8). Further reaction of this compound with the BH4~
induces the formation of BsHs™, a product of the thermal decomposition of BoH;™ (egs. 9 and

10). High yields of BsHs™ are achieved when the reaction occurs at ~ 100 °C in an ethereal
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solvent, such as diglyme. BsHg™ reacts with excess diborane and produces NaBiiHis in a
dehydrocondensation step (eq. 11) [26,43,44]. The overall reaction of this synthetic route is

shown in equation 1.

10NaBH4 + 10CsH11Br — 5B,Hs + 10NaBr + 10CsH1, (8)
B2He + 2NaBH4 — 2NaBH; (9)
2NaB;H7; — NaBsHs + NaBH4 + H» (10)
NaBsHg + 4B;Hs — NaB11H14 + 9H, (11)

The main drawback of the dehydrocondensation reaction (eq. 1) is the formation of NaB11H1a4
strongly coordinated with diglyme, and the presence of this coordinated solvent changes its
properties as an ionic conductor (see section on ‘Solid-State lonic Conductivity’). One step
that can be undertaken to remove diglyme from the salt is to substitute the sodium for a large
monovalent cation, such as trimethylammonium, which yields a product that is water-
insoluble, non-coordinating towards diglyme, and easily isolated (eq. 2) [27]. 1'B NMR, FTIR,
and XRPD data for (CHs)sNHB11H14 are summarised in Figs. 3.1 and 3.2.
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Figure 3.1 Spectroscopic characterisation of (CHs)sNHB11H14. (A) 1'B{*H} NMR spectrum (128 MHz) in
CDsCN. 6 (Bi1Hi147) = -14.2, -16.0 and -16.8 ppm (B) FTIR spectrum with stretching modes at 3165
(*N=-H), 2495 (B-H), and 970 cm™ (C-N*), and bending modes at 1466 (CHs), 1448 (CHs), 1385 (CHs),
1413 (*N-H) and 1032 cm™ (B-H) [45].
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Figure 3.2 XRPD pattern (Acuko = 1.54056 A) for (CHz)sNHB11H14 at room temperature.

The reaction of (CHs)sNHB11H14 with a strong alkaline solution (pH 10 and above) of lithium
hydroxide, sodium hydroxide, or potassium hydroxide, results in the deprotonation of B11H14™

with consequent formation of B11H13% (Fig. 3.3).

(A) (B)

0 0 -10 20 -30 -40 50 10 0 -10 -20 -30 -40 -50
S (ppm) S (ppm)
Figure 3.3 (A) 'B{*H} and (B) B NMR spectra (D0, 128 MHz) of aqueous solution resulting from the

Intensity (a.u.)
Intensity (a.u.)

reaction of (CHs)sNHB11H14 with LIOH after heating. B1;H132™ is represented by the signals at -20.6 and
-31.7 ppm [46]. Additional resonances are also observed from B(OH),™ at 1.62 ppm [47] and BH4™ at

-41.9 ppm [48], which are expected to be formed in boron based aqueous solutions with high pH.

The reaction is conducted at 100 °C in an open vessel to ensure that (CH3)sNH* is eliminated

from the reaction mixture as trimethylamine, (CHs)sN (boiling point 2.9 °C at 1 atm) [28].
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When the alkaline solution of B11H13%" is treated with an aqueous solution of an inorganic acid,
such as H2S04 or HCI, B11H13%" is progressively converted back to B11H14™ and a side-product of
boric acid (B(OH)s). The resonances of Bi1Hi3?™ in the !B NMR spectrum of the aqueous

medium are no longer observed after reducing the pH of the reaction below 5.0 (Fig. 3.4).

Solution pH 10

Solution pH 7.5

M—L‘ \

Solution pH 5.5

Intensity (a.u.)

“\

Solution pH 4.5

2% 20 15 10 5 0 -5 -10 -15 -20 -25
S (ppm)
Figure 3.4 1'B {*H} NMR spectrum (128 MHz) in D,0 of aqueous solution of Li,B1:H13 after reducing its

pH with addition of 1 mol L™ HCI solution to 10 (blue spectrum), 7.5 (green spectrum), 5.5 (red

spectrum) and 4.5 (black spectrum).

In order to isolate Bi1H14~ from the reaction mixture that contains B(OH)s, a liquid-liquid
extraction of the aqueous solution at pH 4.5 was conducted with diethyl ether. The strong

affinity of boric acid with water results in the majority of this compound remaining within the
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water layer, whereas diethyl ether extracts the majority of the nido-
tetradecahydroundecaborane salt. An aliquot of the organic layer extracted from the aqueous
solution containing LiB11H14 and B(OH); was dissolved in DMSO-ds and analysed using !B

NMR spectroscopy (Fig. 3.5).

Organic layer

Aqueous layer

Intensity (a.u.)

25 20 15 10 5 0 5 10 15 20 =25
5 (ppm)
Figure 3.5 'B{*H} NMR spectrum (128 MHz) of diethyl ether layer (top) in DMSO-ds after conducting
a liquid-liquid extraction of the aqueous solution at pH 4.5, and !B{*H} NMR spectrum (128 MHz) of
the aqueous layer in D,0 after performing the extraction (bottom). The resonances at 6 =-14.2, -16.0
and -16.8 ppm in the top *B{*H} NMR spectrum represent B1;H14". Boric acid is observed at 6 = 19.4
ppm in the aqueous layer (bottom spectrum), and the small triplet represent remaining B1;H14~ that

was not extracted by diethyl ether.

No resonance at 19.4 ppm from B(OH)s can be observed from the ethereal layer, which
indicates that diethyl ether can be used as an extraction solvent for nido-undecaborane salt.
Besides that, Bi11H14™ cage undergoes hydrolysis when dried in aqueous solution, therefore the
extraction of the salt with diethyl ether is fundamental to avoid such event. The organic layer
was then isolated from the aqueous solution and purged with argon in order to eliminate any
oxygen and avoid the formation of any oxidation product of B11H14™. The solution was dried
in vacuo at 80 °C, and for all the cations used, a white deliquescent powder was obtained,

which was stored under argon. An analysis on the 1B NMR spectrum of each compound after
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drying (Fig. 3.6) shows the presence of B11H14™ represented by the resonances at 6 = -14.2,

-16.0 and -16.8 ppm.

LiB, H,,
< | NaB, H,,
s
=
K]
c
2
=
KB‘HH‘M
L) v L)

20 10 0 10 20 -30 40
S (ppm)
Figure 3.6 'B{*H} NMR spectra (128 MHz) of LiB1iHis, NaBiiH14, and KBiiHi4 in DMSO-ds (top to
bottom), which show the presence of BiiHi4™ anion in all spectra, observed at 6 = -14.2, -16.0 and
-16.8 ppm. The resonances at 6 = 18.8, -9.6, -10.7, -23.3, -29.1, and -40.0 ppm observed in the

spectra of LiB1;Hi4 and NaB11H14 represent B;1H130H™, which is formed as a by-product in the reaction.

Additional resonances are also observed in the spectra of LiBi1H14 and NaBiiHia (6 = 18.8,
-9.6, -10.7, -23.3, -29.1, and -40.0 ppm) that represent the chemical shifts (observed and
calculated, Table S10) of the hydroxo-nido-undecaborate B11H130H™ [49], which is formed as
a side product. During synthesis, in which the aqueous solution is acidified in order to convert
B11H132™ into B11H14™, hydronium salts of B11H14~ may also be formed, which decompose into
B11H130H™ during evaporation of the organic layer and drying of the powder. Similar reactions
have previously been observed for hydronium salts of B12H1,%~ with hydrogen evolution and
consequent formation of B12H110H?", upon decreasing the water content or heating [27]. As

Li* and Na* are small cations, they may compete with H30* for the formation of salts of B11H147,
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whereas large monovalent cations, such as K*, (CH3)sNH*, and Cs* [28], yield stable salts of
Bi1H14™, not allowing formation of the hydronium salt nor B11H130OH™. Furthermore, the
estimated ionic radius of 1.00 A for H3O" is similar to six-coordinate Na* (1.07 A) and even
greater than the six-coordinate Li* radius (0.79 A) [50,51], which explains the formation of
acids of B11H14~ when small cations are used for the synthesis. The additional resonances are
also observed in the B NMR data of commercial NaBiiHis [25], however, they have
previously been unidentified.

A more pure Bi11H14~ compound of Li* or Na* can also be obtained if the liquid-liquid extraction
step is applied for the aqueous solution at pH 7.5 (rather than 4.5), and dried under the same
conditions (80 °C), as less hydronium ions are available in the medium. However, at neutral
pH, B11H13?~ remains present, which reduces the yield of the synthesis. This can only be
accomplished since diethyl ether does not extract B11H13?" from the medium. Fig. 3.7 shows

the 1*B{*H} NMR spectra of LiB11H14 obtained after organic layer extractions at pH 4.5 and 7.5.
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Figure 3.7 B{*H} NMR spectra (128 MHz) in DMSO-ds of LiB1:H14 obtained after drying the organic
layer that was extracted from aqueous solution at (A) pH 4.5 and (B) pH 7.5 at 80 °C. The amount of

B1:H130H™is approximately 12 mol% in (A) and 4 mol% in (B) based on integration of the NMR peaks.
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Integration of the NMR resonances shows that the sample obtained from low pH has
approximately 12 mol% of B11H130H™, whereas the sample that was obtained from neutral pH
contains approximately 4 mol% of B11H130H"™. FTIR spectroscopy (Fig. 3.8) in conjunction with
DFT calculated vibrational spectroscopy data (Fig. 3.9) confirms the presence of B-H bonds

through the stretching mode at 2500 cm™[52,53].
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Figure 3.8 FTIR transmittance spectra of solid-state (A) LiB11H1a:(H20)», (B) NaBi1Hi4:(H20),, and (C)

KBi11H14. The wide band observed at 3200 - 3800 cm™ (O-H stretching) and the sharp band at 1610

cm™ (H-0O-H bending) in (A) and (B) confirm the presence of water in the compounds [54]. The B-H

stretching frequency is identified as a sharp peak at ~ 2500 cm™ and the B-H bending mode is

observed at ~ 1020 cm™ for all the samples [53].

89



vO-H
Hano SB-H 508_?-|_H
B vB-0O,
5B-H
=
g |(d)
N
)| pe——
") §B-H
(]C) VB_H(a,b,c) SB_H
)
£ vB-H
(a)
T T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 0

Wavenumber (cm)

Figure 3.9 FTIR spectra of (a) Bi;H14~ and (b) B11H130H™ calculated at the B31LYP/aug-cc-pvdz level of

theory.

There is also an absence of (CH3)sNH* represented by the lack of the bands at 3165 cm™ and
970 cm™, which are assigned to the stretching modes of the *N-H and C-N* bonds,
respectively (Fig. 3.1(B)) [45]. The data reveal that water molecules are present in the cluster
of the samples of Li and Na, represented by the bands at 3800 - 3200 cm™ (O-H stretching)
and 1610 cm™ (H-O-H bending) [54]. The absence of a H-O-H bending mode in the FTIR
spectrum of KB11H14 proves that the cation is not solvated by water. As Li* and Na* have higher
charge density than K*, they coordinate more strongly to water and become strongly hydrated
cations [55].

The presence of water was also confirmed by MS analysis of the gases released from the as-

synthesised boranes upon heating at high vacuum (Fig. 3.10).
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Figure 3.10 TDA-MS data at m/z 18 (water) of solid-state LiB11H14:(H20),, NaB11H14-(H20),, and KB11H14

samples. Approximately 5 mg of each compound was used for analysis and heated from 25 to 300 °C

(AT/At = 2 °C min™) under high vacuum (< 8 x 10™* mbar).

Samples of LiB11H14 and NaBi1H14 lead to higher intensity peaks at m/z = 18 compared to the
potassium version, which is in agreement with the FTIR data. MS data on all samples also
show significant hydrogen evolution at temperatures above 200 °C, indicating their thermal

decomposition (Fig. 3.11).
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Figure 3.11 TDA-MS data at m/z 2 (hydrogen) of solid-state LiBiiH14:(H20),, NaBiiHis(H20),, and

KB11H14 samples. Approximately 5 mg of each compound was used for analysis and heated from 25 to

300 °C (AT/At = 2 °C min™!) under high vacuum (< 8 x 10™* mbar).
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This correlates well with TGA-DSC data (Figs. 3.12-3.14), where a significant mass loss and a

clear exothermic feature at =~ 210 °C are observed in all cases.
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Figure 3.12 TGA-DSC measurement of LiBiiH14:(H20), in the temperature range 100 — 250 °C (AT/At =

10 °C min™%, Ar flow = 40 mL min™?). Approximately 7 mg of compound was used for analysis. A mass
loss of 1.5% is observed between 150 and 205 °C, which may be attributed to water and hydrogen

release, and 2.4% between 205 and 225 °C from hydrogen release, as a result of decomposition of the

material.
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Figure 3.13 TGA-DSC measurement of NaBiiH14:(H20), in the temperature range 100 — 250 °C (AT/At

=10 °C min’?, Ar flow = 40 mL min™2). Approximately 7 mg of compound was used for analysis. A mass
loss of 1.4% is observed between 100 and 205 °C, which may be attributed to water release, and 2.9%

between 205 and 225 °C from hydrogen and water release, as a result of decomposition of the

material.
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Figure 3.14 TGA-DSC measurement of KB1;H14 in the temperature range 100 — 250 °C (AT/At = 10 °C

min?, Ar flow = 40 mL min™t). Approximately 7 mg of compound was used for analysis. The sample
undergoes a phase transition at 140 °C represented by the endothermic peak on DSC plot and loses
2.9% of mass between 200 and 220 °C from hydrogen release, as a result of decomposition of the

material.

Two steps of hydrogen evolution can be observed in the MS data for LiB11H14 (Fig. 3.11), one
at = 165 °C, corresponding to the water release temperature (Fig. 3.10), and another one at
~ 220 °C, which is also observed in its DSC scan (Fig. 3.12). The MS data for NaB11H14 (Fig. 3.10)
demonstrates that water is released upon heating before and at the decomposition
temperature of 205 °C. The total mass loss upon decomposition of 3.9% and 4.3% for LiB11H14
and NaBii1Hia, respectively, is attributed to the release of water and hydrogen, whereas
KB11H14 shows a total mass loss of 2.9 wt%, which accounts for hydrogen evolution. Only
KB11H1isa undergoes a polymorphic phase transition, which is evident by an endothermic event
at 140 °C, before it decomposes. DSC scans upon heating and cooling of pristine and ball-
milled (B.M.) KB11H14 (Fig. 3.15) show endo- and exothermic features during thermal cycling,
at =~ 140 and 75 °C respectively, which indicates a reversible phase transition. The reversibility
obtained in pristine and ball-milled material indicates that the mechanical-induced
modification does not stabilize the high temperature polymorph at room temperature, as can

be seen in other ion conducting materials [56,57].
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Figure 3.15 DSC plots for pristine and ball-milled (B.M.) KB11H14 upon heating and cooling between 40

and 170 °C (AT/At = 10 °C min~1) under 40 mL min™! of argon flow.

3.3.2 Structural characterisation
XRPD patterns of LiB11H14:(H20)s, NaB11H14:(H20)s, and KB11H14 are illustrated in Fig. 3.16. As

mentioned previously, the materials were dried at 80 °C in vacuo prior to analysis.
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Figure 3.16 XRPD pattern for LiB11H14:(H20),, NaBiiH14:(H20),, and KB11H14 at room temperature. A =
1.54056 A. Asterisks at 26 = 31.8° and 45.5° in the NaB11H1a-(H,0), pattern represent inadvertent NaCl

contamination.
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XRPD data has not previously been reported for LiB11H1a:(H20), nor KBi1Hi4. However, it
appears as though the Li and Na analogues share a structural configuration due to similarities
in the XRPD pattern. The XRPD pattern of NaB11H14:(H20), appears similar to that presented
by Tang et al. [21] for the sample ‘a-NaB11H14’ that exhibits a face centred cubic polymorph
(Fm3m, a = 10.1520(19) A) at room temperature. This also correlates well with our indexing,
which suggests Fm3m, a = 10.101(1) A for NaB11H14:(H20), and Fm3m, a = 10.0736(5) A for
LiB11H14:(H20)n. In contrast, the room temperature polymorph of KB11H14 (denoted a) was
indexed in P1 (Tables 3.1-3.2 and Figures 3.17-3.18). However, a high temperature
polymorphic structural transition is observed at 135 °C, in agreement with DSC data and in-

situ XRPD data (Figure 3.19).

Table 3.1 The refined KB11H14 structural parameters at 25 °C in space group P1 derived from

XRPD data.

Atom Wyck. x/a y/b z/c Biso (A2)

K1 2i  0.8851(5) 0.2735(5) 0.6002(2) 5.00(8)

K2 2i  0.2382(5) 0.8775(5) 0.9081(2) 5.00(8)

Bla 2i  0.201(7) 0.893(5) 0.081(2) 2.91(9)

B2a 2i  0.224(6) 0.653(5) 0.056(2) 2.91(9)

B3a 2i  0.045(6) 0.725(5) 0.106(2) 2.91(9)

B4da | 2i  0.420(7) 0.793(6) 0.076(2) 2.91(9)

B5a 2i 0.137(8) 0.898(6) 0.167(2) 2.91(9)

B6a 2i  0.367(8) 0.939(6) 0.149(2) 2.91(9)

B7a | 2i  0.158(6) 0.510(5) 0.121(2) 2.91(9)

B8a 2i 0.411(6) 0.556(6) 0.102(2) 2.91(9)

B9a 2i  0.105(7) 0.669(6) 0.194(2) 2.91(9)

B10a | 2i  0.501(7) 0.741(7) 0.162(2) 2.91(9)

Blla | 2i  0.316(8) 0.822(7) 0.226(2) 2.91(9)

Blb | 2i  0.777(5) 0.400(8) 0.419(2) 2.91(9)

B2b 2i 0.892(5) 0.320(7) 0.347(2) 2.91(9)

B3b | 2i  0.692(4) 0.461(8) 0.336(2) 2.91(9)

B4b 2i 0.876(7) 0.176(7) 0.418(2) 2.91(9)
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BSb | 2i  0.534(5) 0.39(1) 0.397(2) 2.91(9)
B6b | 2i  0646(7) 0.211(9) 0.447(2) 2.91(9)
B7b | 2i  0.729(5) 0.276(7) 0.279(2) 2.91(9)
BSb | 2i  0.852(7) 0.083(7) 0.334(2) 2.91(9)
B9 | 2i 0497(5) 032(1) 0.312(2) 2.91(9)
B1ob | 2i  0.691(8) 0.015(9) 0.398(2) 2.91(9)
Bllb | 2i  0.454(7) 0.15(1) 0.388(2) 2.91(9)
Hla | 2i  0.150(6) 0.007(5) 0.040(2) 3
H2a | 2i  0.192(5) -0.405(4) -0.002(2) 3
H3a | 2i -0.107(6) -0.267(4) 0.083(2) 3
Hda | 2i  0.516(6) -0.154(6) 0.034(2) 3
H5a | 2i  0.048(7) 0.024(6) 0.188(2) 3
Hea | 2i  0.426(7) 0.093(7) 0.158(3) 3
H7a | 2i  0.090(4) -0.640(4) 0.110(2) 3
H8a | 2i  0.501(4) -0.566(6) 0.079(2) 3
Ho9a | 2i  0.001(6) -0.370(6) 0.235(2) 3
H10a | 2i  0.654(6) -0.256(7) 0.183(3) 3
Hila | 2i  0.332(8) -0.073(7) 0.274(2) 3
H12a | 2i  0.356(6) -0.332(7) 0.246(2) 3
H13a | 2i  0.206(5) -0.487(6) 0.187(2) 3
Hl4a | 2i  0.454(5) -0.441(6) 0.167(2) 3
Hib | 2i  0.844(5) 0.517(8) 0.456(2) 3
H2b | 2i  1.041(5) 0.378(5) 0.332(1) 3
H3b | 2i  0.702(4) 0.618(8) 0.321(2) 3
H4b | 2i  1.004(7) 0.144(7) 0.456(2) 3
HSb | 2i  0.430(5) 0.490(1) 0.422(2) 3
Heb | 2i  0.613(7) 0.2(1)  0.505(2) 3
H7b | 2i  0.764(4) 0.296(7) 0.221(2) 3
H8b | 2i  0.960(7) -0.018(6) 0.310(2) 3
Hob | 2i  0.365(5) 0.36(1) 0.277(2) 3
H10b | 2i  0.685(9) -0.139(9) 0.418(2) 3
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Hilb | 2i  0.317(7) 0.13(1) 0.417(3)

H12b | 2i  0.443(7) 0.05(1) 0.339(2)

H13b | 2i  0.576(6) 0.180(9) 0.276(2)

w| Wl w|l w
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Figure 3.17 XRPD data and Rietveld refinement plot for KB1;Hi4. Experimental data as red circles,
calculated diffraction pattern as black line and the difference plot in blue. Tick marks show positions
(listed top to bottom) for (a) a-KB11H14 (P1, 86.9(2) wt%); (b) K2S04 (Pnam, 13.1(2) wt%). Rwp = 4.85. A
=0.563476(5) A.
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Figure 3.18 Crystal structure of a-KB1:H14 (P1). K (blue), B (green), H (white). Structure viewed (a) along

the g-axis and (b) along the b-axis.
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Figure 3.19 In-situ synchrotron XRPD data of KB11H14 during heating and cooling, A = 0.563516(6) A. A
reversible polymorphic phase transition is seen near 135 °C on heating and 85 °C on subsequent

cooling. A minor impurity of KzSO4 is present with persistent peaks across all temperatures (red line).

The high temperature KB11H14 polymorph (denoted B) was indexed in Fm3m, a = 10.19473(4)
A, matching the structure type seen at room temperature for the lighter alkali metal-B11H14
compounds. The cubic space groups are reminiscent of the highly dynamic structures
observed in the class of metal boron-hydrogen salts, where the anion undergoes significant
reorientational motion and cannot be easily defined in the crystal structure [58]. The unit cell
and structure of a-KBiiHis differs greatly to that of the hydrated NaBiiHis and LiB11H1a
moieties. As can be seen from Fig. 3.18, the KB11H14 packing structure, when viewed along the
a and b axis consists of separate columns of K atoms and BiiHi4™ anions. The distances
between K atoms through the columns along the a and b axis are ~ 7.1 A, whereas the shortest

K-K distances are 5.278(5) A. To determine the accurate hydrogen positions, neutron
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diffraction would be required, especially due to the dynamic nature of these anions and the
bridging hydrogens at the apex of the B11H14™ moieties.

Due to the high ionic conductivity of NaB11H14:(H20), at room temperature, electrochemical
impedance spectroscopy data of this sample was also collected at low temperatures, and the
lowest conductance activity was achieved at =40 °C (5.0 x 10 S cm™). AC impedance
measurements were also performed at —70 °C, but no activity was observed at this
temperature. Below —40 °C, it is hypothesised that a sudden decrease in conductivity could
arise from a polymorphic phase transition upon cooling to a less symmetric crystal structure.
In order to investigate this, the diffraction pattern for NaB11H14:(H20), was acquired at -100
°C, with the data showing that the material undergoes a reversible polymorphic transition at
low temperature by the emergence of additional Bragg reflections in the diffraction pattern.
The NaB11H14:(H20), spontaneously returns to its original polymorph upon natural heating to

room temperature (Fig. 3.20).

RT Before Cooling

Intensity (a.u.)

RT After Cooling

260(%)
Figure 3.20 XRPD pattern for NaBi;H14:(H,0), at room temperature (top), at —100 °C (centre) and at
room temperature after natural heating (bottom). The sample was mounted in a capillary under argon
atmosphere and measured with a Mo K, source (A = 0.7093 A). Asterisks at 14.5°, 20.5° and 24.2°

represent inadvertent NaCl contamination.

100



This discovery raises the question as to whether the room temperature NaBii1H14:(H20),
crystal structure (and the Li analogue) is actually a ‘high-temperature’ polymorph that
displays reorientational dynamics, akin to other metal boron-hydrogen compounds [20,22].
This may be indicated by the symmetric cubic structure-type, but further investigations into
its crystal structure are required, perhaps utilising neutron diffraction.

Crystals of nido-tetradecahydroundecaboranes are often difficult to grow due to their
extreme deliquescence. As the crystal of LiB11H14:2H,0 was grown without any application of
heating / drying, its diffraction pattern, and thus structure and water content, differ from the
sample that was used to investigate ionic conductivity. The presence of water in its crystal
structure demonstrates that Li* favourably coordinates with water, even after the compound
being extracted with an organic solution. The crystal structure of LiBi11H14:2H,0 was solved in
space group C2/c with lattice parameters a = 10.4298(4) A, b = 10.1040(2) A, ¢ = 42.3413(16)
A, 8=91.236(4)°, and V/Z = 278.81(2) A3 (Fig. 3.21, Table 3.2 & 3.3).

Figure 3.21 Crystal structure of LiB1iH14-2H,0 (C2/c). Li (blue), B (green), O (red) and H (white). The
structure is viewed along the b-axis (top) and a-axis (bottom) demonstrating the lithium coordination

that alternate along the b-axis.
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Table 3.2 Structural Data Extracted from Refinements

LiB11H14-2H,0.

of the XRPD Data for KBi11Hi4 and

Compound a-KB11H14 LiB11H14:2H,0
Mr 172.13 175.99
Space group P1 C2/c
T(°C) 25 21.9
Crystal System Triclinic Monoclinic
Colour/habit - colourless block
a (A) 7.19499(8) 10.4298(4)
b (A) 7.04622(8) 10.1040(2)
c(A) 19.4087(2) 42.341(2)
a(’) 90.7188(7) 90
B(°) 94.0453(7) 91.236(4)
v (°) 89.9709(7) 90
V (A3) 981.44(1) 4461.0(3)
z 2 16
p (g cm3) 1.16949(2) 1.048

Table 3.3 The refined LiB11H14:2H20 structural parameters at 21.9 °C in space group (C2/c)

derived from single crystal data.

Atom Wyck. x/a y/b z/c
02 8f  0.4545(2) 0.7271(2)  0.54241(5)
H2B 8f 0.42117 0.68679 0.55859
H2C 8f 0.52588 0.76068 0.55007
02A 8f 0.8125(2) 0.3153(2) 0.20068(6)
H2AA 8f 0.75406 0.26666 0.1911
H2AB 8f 0.84133 0.36618 0.18565
BS 8f  0.5663(4)  0.8048(4) 0.46150(7)
H5 8f 0.54815 0.84754 0.48487
B3A | 8f  0.6705(4) 0.3418(4) 0.28396(7)
H3A 8f 0.67751 0.37254 0.25913
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B3 8f  0.7491(4)  0.7261(4)  0.41607(7)
H3 8f 0.85034 0.71658 0.40968
B7 8f  0.4337(4) 0.7521(4) 0.43810(7)
B2A | 8f  0.5407(4)  0.2437(4)  0.29710(7)
H2A | 8f 0.46363 0.21069 0.28082
BIA | 8f  0.6969(4) 0.1759(4) 0.29605(7)
H1A | 8f 0.72186 0.09892 0.27887
B11A | 8f  0.6500(4) 0.2352(4) 0.36123(7)
B6 8f  0.5425(4)  0.6338(4)  0.45308(7)
H6 8f 0.50835 0.56432 0.47104
B9 8f  0.6314(4) 0.6701(4)  0.38879(7)
B4 8f  0.6956(4)  0.8616(4)  0.43887(7)
H4 8f 0.76101 0.93936 0.44764
B1 8f  0.6990(4)  0.6992(4)  0.45494(7)
H1 8f 0.76684 0.67215 0.47412
B10 | 8f  0.6571(4) 0.8533(4) 0.39819(7)
B8 8f  0.4947(4)  0.6094(4)  0.41308(7)
B7A | 8f  0.5025(4) 0.2813(4) 0.33670(8)
B4A | 8f  0.8082(4) 0.2989(4) 0.30761(7)
H4A | 8f 0.90541 0.30158 0.29804
BIOA | 8f  0.7877(4)  0.3402(4)  0.34743(7)
BSA | 8f  0.7624(4)  0.1752(4) 0.33497(7)
H5A | 8f 0.82941 0.09788 0.34321
B6A | 8f  0.5983(4)  0.1415(4) 0.32833(8)
H6A | 8f 0.55843 0.04208 0.33213
BOA | 8f  0.7284(4)  0.4493(4)  0.31402(8)
BSA | 8f  0.5511(4) 0.4134(4) 0.30712(7)
B11 | 8f  0.5352(4)  0.9019(4) 0.42742(8)
B2 8f  0.6569(4)  0.5848(4)  0.42515(8)
H2 8f 0.69741 0.4843 0.42499
Lil 8f  0.3882(5)  0.7388(5) 0.50118(13)
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Li1A | 8f  0.8648(7) 0.3113(5) 0.24386(16)

o1 8f 0.24039(17) 0.60442(16) 0.49970(4)

H1B 8f 0.20839 0.54534 0.51594

HiC | 8f 0.25809 0.5614 0.48295
O1A | 4e 1 0.1678(2) 0.25
O3A | 4e 1 0.4543(2) 0.25

H8A | 8f 0.482(2) 0.489(2)  0.2981(7)

H10A | 8f 0.861(2) 0.369(3)  0.3649(7)

HOA | s8f 0.772(3) 0.541(2)  0.3064(7)

H7AA |  8f 0.404(2) 0.267(3)  0.3449(7)

H11A | 8f 0.642(3) 0.199(3)  0.3854(5)

HioC | s8f 0.703(3) 0.916(3)  0.3809(7)

H7A | 8f 0.339(2) 0.766(3)  0.4476(7)

HS8 8f 0.443(3) 0.518(2)  0.4087(7)

H9B | 8f 0.658(3) 0.624(3)  0.3665(4)

H11 | 8f 0.503(3) 1.003(2)  0.4288(7)

H10D | 8f 0.554(2) 0.878(3)  0.4026(5)

H10B | 8f 0.737(3) 0.437(2)  0.3411(4)

H11B | 8f 0.619(3)  0.3397(16) 0.3612(7)

H7AB | 8f 0.525(3)  0.3877(14) 0.3317(4)

HoC | 8f  0.5195(17) 0.671(3)  0.3905(5)

H7B | 8f 0.421(3) 0.795(3)  0.4138(4)

H1AA | 8f 1.013(4) 0.118(3)  0.2342(4)

H3AA | 8f 1.017(3) 0.504(3)  0.2346(4)

Here, the Li-ions are in a pseudo-tetrahedral environment, with each Li-bound to three water
molecules, with the fourth contact formed between a H-atom bound to the Bi11H14™ anion. The
Li-Li distances are between 2.86(1) and 2.891(7) A. Two of the bound water molecules bridge
between two separate Li-ions, forming a dimer (Fig. 3.21), giving Li*(Bi11H14)-2H.0
stoichiometrically, but forming Liz(B11H14)2:4H,0 units in the solid-state. In the crystal

structure, two half-molecules are in the asymmetric unit, resulting in two symmetry
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independent Liz(B11H14)2:4H20 units, though no difference in the connectivity or structure
could be seen here. After drying, the material exhibits a face centred cubic structure (Fig.

3.16) with less than 2 water molecules in the unit LiB11H1a:(H20)n (n < 2).

3.3.3 Solid-state ionic conductivity
The solid-state ionic conductivity of MB11H14:(H20), (M = Li or Na) and KB11H14 before and
after ball-milling (B.M.), along with NaBiiH14:(CéH1403)s, was assessed as a function of

temperature as illustrated in Fig. 3.22.
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Figure 3.22 Solid-state ionic conductivity of NaBiiHi4:(C¢H1403)n, LiB11H14:(H20), (before and after
B.M.), NaB1:H14:(H,0), (before and after B.M.), KB11H14 (before and after B.M.), and LiBFs/EMIBF4[59].

The liquid-state ionic conductivity of the widely-used ionic liquid electrolyte, 1 mol L solution
of 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIBFs) with lithium tetrafluoroborate
(LiBF4) [59], is displayed for comparison. The activation energy of ionic conductivity was

calculated based on the Arrhenius plot (Fig. 3.22) for each compound by:

In 6ipp = Inao, — (5—:)% (12)

where g, is a pre-exponential factor (S cm™), E, the activation energy (J), Ks the Boltzmann

constant (1.3806 x 10723 J K1), and T the temperature (K) [60]. The activation energy was
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calculated based on the slope of the plot of each material from 25 to 75 °C, except KB11H1a4
(before and after B.M.), which was measured from 70 to 100 °C. Nyquist plots of

LiB11H14:(H20)n, NaB11H14:(H20),, and KB11H14 at different temperatures are shown in Figs.

3.23 and 3.24.
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Figure 3.23 Magnified Nyquist plot of pristine LiB11H14:(H20), (left) and NaBiiHi4:(H,0), (right) in the

high-frequency region at 0, 25, and 50 °C.
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Figure 3.24 Nyquist plot of pristine and ball-milled (B.M.) KB1;H14 at 100 °C (left) and 160 °C (right)
from 100 Hz to 1 MHz.

The size of the cation plays an important role in the ionic conductivity of the material. Due to
the large radius of K* (six-coordinate K*, 1.38 A) [51], the sample of KB11H14 shows a large
activation energy (1.9 eV) that can only be significantly overcome at elevated temperature.
Ball-milling the KBi11His sample reduces its activation energy to 1.5 eV, and therefore,
increases its ionic conductivity by approximately one order of magnitude. Despite the
unusually high activation energy compared to other potassium boron-hydrogen materials,
such as KB3Hs (E, = 0.44 eV) [61], K3(BHa)(B12H12) (Eo = 0.37 eV) [61,62] and KCB11H12 (E, = 0.82
eV) [63], the K* conductivity in the pristine KB11H14 reaches an ionic conductivity of 1.2 x 107
S cm™ at 150 °C, whereas KBsHs and K3(BHa4)(B12H12) exhibit a K* conductivity in the order of
1077 and 1075, respectively, at the same temperature [61,62]. The metal carborane, KCB11H12,
in its ordered structure exhibits similar results of ionic conductivity when compared to the
ball-milled sample of KB11H14, especially at 80 °C (v 9.5 x 10 S cm™ and 6.7 x 10°® S cm™,
respectively). Nevertheless, the high temperature polymorph that the metal carborane
assumes presents an ionic conductivity about one order of magnitude higher than ball-milled
KB11H14. The hysteretic conductivity behaviour observed for KBi1i1His above 100 °C is a
consequence of the polymorphic phase transition that the material undergoes, indicated by
the DSC plot (Fig. 3.15) and in-situ XRPD data (Fig. 3.19), as discussed in the ‘Structural
Characterisation’ section. The potassium nido-borane sample assumes a disordered
crystallographic structure at high temperature, which enhances its ionic conductivity, as

observed for other metal boron-hydrogen materials [20,22,63].
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Temperature Programmed Photographic Analysis (Fig. 3.25) of KB11H14 was performed in

order to check the condition of the pellet upon heating.

170 °C

Figure 3.25 TPPA of KB1;1H14 heated from room temperature to 170 °C (AT/At = 10 °C min™?). A volume

increase of the pellet can be observed at = 120-140 °C.

The result reveals a slight volume expansion at = 120-140 °C, which is related to the reversible
polymorphic structural transition (Fig. 3.15 & 3.19). The pellet was heated up to 170 °C with
no melting or release of solvent observed. Due to the volume change that the pellet
undergoes upon heating, the data points between 110 and 130 °C were omitted from the
ionic conductivity plot (Fig. 3.22) of pristine and ball-milled KB11H14, as they represent

artefacts of the measurement (full data set is presented in Fig. 3.26).
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Figure 3.26 lonic conductivity of pristine and ball-milled (two measurements) KB11H14 with data points
between 110 and 130 °C. All measurements show a drop in ionic conductivity in this range of

temperature, which is associated to the order-disorder phase transition.

Mechanical-induced modification is known to improve the cationic conductivity of other
metal boron-hydrogen compounds, such as LiBH4 [56], Li2B12H12 [57], and NazB12H12[64] that
had their ionic conductivity enhanced by at least two orders of magnitude when measured at
the same temperature. Ball-milling may induce defects (cation or even hydrogen vacancies)
[57,65], reduction of the crystallite size, and/or stabilisation of a potential disordered high-
temperature superionic polymorph, which are all factors that boost the ionic conductivity of
a material [64]. However, ball-milling did not show significant improvement in the ionic
conductivity of NaB11H14:(H20), and LiB11H1a:(H20),. Besides that, the activation energy of
pristine LiB11H14:(H20), (0.5 eV) has not considerably changed upon ball-milling (0.5 eV),
whereas NaB11H1a:(H20), presented a small increase in its activation energy from 0.3 to 0.4
eV after ball-milling, but this is within the experimental uncertainty (+0.1 eV). Even though
Li* (six-coordinate Li*, 0.79 A) [51] has an ionic radius smaller than Na* (six-coordinate Na*,
1.07 A) [51], LiB11H1a+(H20), requires more energy to promote Li* migration and has lower
ionic conductivity than NaBiiHia:(H20),. The differences in activation energy could be
explained by the coordinated water, which is more strongly bound to the more charge-dense

Li*.
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The presence of a coordinated solvent to the cation also shows an important contribution to
the conductivity properties of the material, as reported by Mgller et al. [66]. As shown in (Fig.
3.22), NaBi1H14 experiences a dramatic increase in cationic conductivity when replacing
diglyme with water. NaB11H14:(CeH1403), has a high activation energy of 1.0 eV and an ion
conductivity of 1.1 x 10 S cm™ at 25 °C, whereas NaBi1H14:(H20), at the same temperature
shows an outstanding result of 1.1 x 1073 S cm™ and activation energy of 0.3 eV.

Diglyme molecules easily chelate with small cations, such as Na*, due to the presence of ether-
type oxygen atoms. These molecules solvate the metal and usually behave like crown glymes
[67], which may inhibit the cation displacement in the crystal structure. Small solvent
molecules, like tetrahydrofuran (THF) and acetonitrile, have already been reported to assist
the cationic diffusion through the crystal structure of Li;B12H12[66]. The coordination of LiBH4
with ammonia also increases its ionic conductivity, and it is proposed that NHs facilitates the
migration of Li* through the lattice of LiBH4-1/2NHs [68]. In a similar way, water molecules
coordinated to Na* may assist the diffusion of the cation through the crystal structure of
NaBi1H14:(H20)» and contribute to its higher ionic conductivity and lower activation energy
when compared to NaBi1H1a:(CsH1403).

Even though the presence of diglyme interferes with the ion conductivity, NaB11H14:(CeH1403)n
still exhibits higher ionic conductivities from 25 to 100 °C than other metal boron-hydrogen

compounds, such as NaxBioH10[69] and NazB12H12[22], as shown in Fig. 3.27.
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Figure 3.27 Arrhenius plots of ionic conductivities of LiBiiHi4:(H,0),, NaBiiHia'(H20),, and
NaB11H14:(CeH1403), compared with other Li (left) and Na (right) single anion boron-hydrogen
materials: LiCB11H12 [70], LiCBgH1o [9], LiBH4 [22], LizB12H12 [71], LiNaB1;H12 [72], Li-7-CB1oHas [21],
NaCBi:H1> [70], NazBiaH1a [22], NasBioH1o [69], NaBH, [69], Na-7-CBioHis [21], Na-7,8-CaBsHyz [21],
NaCBgHio [20]. NaB11H14 (A) and (C) are the commercial version of NaBi11H14 that were obtained from
two different batches [21], and (B) is a sample of NaBi1Hi4 that was synthesised using decaborane

[25]. The solid lines represent the ionic conductivity of the materials synthesised in this work.

Additionally, NaB11H1a:(H20), exhibits considerably good cationic conductivity even at low
temperatures, such as =40 °C (5.0 x 107® S cm™), as well as LiB11H14:(H20)n, which shows an
ionic conductivity of 1.8 x 107® S cm™ at =30 °C. The feature of reasonable solid-state ionic
conductivities at sub-zero temperatures is vital for battery operation in cold climates.

Ball-milled LiB11H14:(H20), and NaB11H14:(H20), exhibit a lithium and sodium conductivity of
2.4 x 107 Scm™and 1.2 x 103 S cm™1, respectively, at 25 °C. To the author’s knowledge,
these results represent some of the highest Li* and Na* conductivities reported at room
temperature for a metal boron-hydrogen compound (Fig. 3.27 and 3.28). Additionally, they
exhibit superionic conductivity upon heating, with Li*, and Na* conductivities of 7.1 x 1073 S
cm™t and 1.9 x 102 S cm™ at 100 °C for ball-milled LiB11H14:(H20), and NaBi1H14:(H20)n,

respectively.
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Figure 3.28 Arrhenius plots of ionic conductivities of LiBiiHia'(H20),, NaBiiHia'(H20),, and
NaBi1H14:(CeH1403), compared with other Li (left) [9,73,74] and Na (right) [1,25,75-78] mixed anion
boron-hydrogen solid-state electrolytes. The solid lines represent the ionic conductivity of the

materials synthesised in this work.

LiB11H14:(H20), and NaB11Hi4:(H20), also exhibit higher ionic conductivity than other nido-
anions, such as 7-CB1oH13™ and 7,8-C;BgH12™ [21], in the temperature range used in this study
(Fig. 6). The incorporation of carbon to the nido-anion structure increases the charge
polarisation, and thus reduces its ionic conductivity [21].

The NaBi1Hi4:(H20), sample prepared in the present study exhibits the same crystal structure
as a commercial sample in a previous study reported as ‘a-NaB11H14" [21], here denoted as
NaBi1H14 (A). The DSC (Fig. 3.13) and ionic conductivity results we obtain for NaB11H14:(H20),
also match those for NaBi1Hi4 (A) (Fig. 3.27). It is also clear that the ionic conductivity for
NaBi1H1a4:(H20), and NaBiiHia (A) is far superior to samples prepared in an alternative
manner, NaBiiHis (B) and NaBiiHia (C). NaBiiHia (B) is a sample of NaBiiHis that was
synthesised using decaborane in a previous work [25], and NaB11H14(C) is another commercial
version of NaBiiHi4 [21]. Both present an orthorhombic crystal structure, which differs
completely from the fcc polymorph that NaB11Hia:(H20), and NaBi1Hia (A) exhibit. It may be
that the previously reported “minor unknown impurities” [21] in NaB11H14 (A) are associated
with coordinated water. Perhaps the presence of water molecules in the crystal structure
stabilize its fcc disordered polymorph, and are responsible for the high ionic conductivity at

room temperature (1.1 x 103 S cm™).
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Many solid-state electrolytes, including metal boron-hydrogen materials, may not present a
wide electrochemical stability against Li or Na metal anodes [79]. For instance, NaBH4 and
LiBH4 are stable up to ~ 2.0 V [10,79], whereas Na;B12H12 and Li2B12H12 decompose at = 3.4 V
[10,79]. It was also reported that NaB11H14 oxidizes at 2.6 V, and it exhibits a thermodynamic
electrochemical window from 0.15 to 2.6 V vs. Na/Na*[25]. Therefore, in order to investigate
the oxidative stability of LiBi11H1a:(H20), and NaBi1H14:(H20),, a linear sweep voltammetry
experiment as proposed by Asakura et al. [32] was performed.

Fig. 3.29 shows the linear sweep voltammograms of the electrolytes tested. NaB11H1a:(H20)n
exhibits an oxidative stability limit at 2.6 V, which is the same as previously reported for
NaBi1H14 [25]. LiB11H14:(H20), demonstrated the first oxidation step at 2.1 V vs. Li/Li*, which
might be associated to residual water [75], and a second step with high oxidative current at
2.9 V. The second linear sweep voltammogram cycle data for both materials do not
demonstrate any oxidative current peaks, which indicates the irreversibility of the oxidation

reaction [17].
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Figure 3.29 Linear Sweep Voltammograms of (A) Li/LiB11H14:(H20)n/LiB11H14:(H20)n+C/Pt/Al and (B)
Na/NaBi1H1s:(H20)n/NaB11H14:(H20)a+C/Pt/Al cells at a scan rate of 50 uV st at 60 °C between 1.5 and
8.0V (1*trun) and 1.5 and 4.5 V (2" run). The black dashed lines represent the linear regression lines

fitted to the background and to the anodic current to obtain the oxidation potential.
The same experiment was conducted with LiBH4 as a control sample. The result that was

obtained for LiBH4 (2.2 V) (Fig. 3.30) is close to the one previously detected using the same

experimental method (2.04 V) [32] and from the one calculated by first principles
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computational methods (2.0 V) [10]. This demonstrates the efficacy of the experiment to

determine the oxidative stability limit of the nido-boranes investigated.
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Figure 3.30 Linear Sweep Voltammogram of Li/LiBH4/LiBH4+C/Pt/Al cell at a scan rate of 50 puV s at
60 °C between 1.5 and 4.5 V. The black dashed lines represent the linear regression lines fitted to the

background and to the anodic current to obtain the oxidation potential.

Interestingly, no observed changes are noted in the XRPD patterns of LiB11H14:(H20), and
NaBi1H1a:(H20), (Fig. 3.31) after the second cycle of LSV. This implies a bulk stability of both
nido-boranes against Li and Na metal, respectively [80]. Nevertheless, oxidation of the sample
can form an oxidised interphase between the electrolyte and the electrode, and depending
on its properties, the performance of an ASSB can be greatly affected [17]. Discovering the
properties of the created interphase, which also depends on the chosen cathode, is important

for the development of an effective ASSB and requires future study.
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Figure 3.31 XRPD profiles of LiB11Hi4:(H20), (left) and NaBiiHi4:(H20), (right) at room temperature
before (black) and after (red) second run of LSV experiment. Asterisks at 2 = 30.2° in the
LiB11H14:(H20)n and at 31.8° in the NaBijHis:(H20), patterns represent inadvertent LiCl and NaCl

contamination, respectively.

The high ionic conductivity exhibited by LiB11H1a:(H20), and NaB11H14:(H20), and their stability
against Li and Na metal anodes, respectively, means that both materials become promising
candidates to be used to form new mixed-anion boranes as solid-state electrolytes. Fig. 3.28
shows the Arrhenius plots of the ionic conductivities of some mixed-anion metal boron-
hydrogen materials compared to LiB11H14:(H20), and NaB11H1a:(H20),. As previously reported
[9], the 0.7Li(CBgH10)-0.3Li(CB11H12) mixed-anion system exhibits superionic conductivity at
room temperature, 6.7 x 1073 S cm™ (Fig. 3.28), however, this material is formed by a mixture
of two metal carboranes that present lower Li* conductivity than LiBi11H14:(H20), at room
temperature (Fig. 3.27) and higher cost. Nax(CBgH10)(CB11H12) [76] and NasC(B11H12)2(B12H12)
[75] are also formed by a mixture of metal boranes that individually exhibit lower ionic
conductivity at 25 °C (Fig. 3.27) and higher cost than NaB11H14:(H20),. The hydrated sodium
nido-borane even presents higher ionic conductivity than other mixed-anion compounds,
such as Nas(B12H12)(B1oH10) [78] and Naz(BH4)(B12H12) [77] (Fig. 3.28).

It should be noted that the presence of solvated water in the as-synthesised NaB11H14:(H20)n
confirmed by FTIR, TDA-MS, and TGA-DSC data has not previously been identified by
researchers in their NaB11H14 samples [21,25]. Second, inconsistencies are reported between
different batches of commercial NaBiiHis [21], which raises doubts on their exact

stoichiometry or purity. In previous research [25], heating NaB11H14 above 100 °C, results in a
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significant formation (=~ 50% from NMR) of, what is identified here as, B11H130H". Based on
our investigation of the synthesis, this by-product is only formed if the powder contains acidic
hydronium (H30*) cations, akin to previous research on BigH10>~ and B12H12™[27]. Possibly, the
reported NaBiiHia4 ionic conductivity studies had solid-solutions, solvates, or multi-phase
compounds, which would explain the differences observed between the many different
crystallographic polymorphs or phases present [21,25]. Despite this, the measured ionic

conductivities of NaB11H14 are, in most cases, similar.

3.4 CONCLUSIONS

An optimised low cost procedure for the preparation of MB11H14:(H20), (M = Li and Na), and
KB11H14 and a proposed reaction mechanism are presented. This comprehensive study fills a
gap in the literature, which has unexplained differences between NaBiiHis samples
depending on their origin or synthetic method. The use of diethyl ether to extract nido-borane
salts from the aqueous medium is an important finding in order to avoid hydrolysis of the
cage and to isolate it from boric acid. Of great importance is also the discovery that
acidification of the B11H13%", precursor during synthesis, can also form the hydronium salt of
B11H14~, i.e. (H30)Bi1H1a. The hydronium salt reacts upon heating / drying and releases
hydrogen to form B11H130H™ as a side product. This important finding may explain some of
the differing literature results on NaBiiH14. The hydronium salt formation is more prevalent
with smaller cations as KB11H1a4 is formed without this impurity. The presence of solvated
water in powders of LiBi1iHi4 and NaBiiH14 is confirmed by FTIR, TDA-MS, and TGA-DSC,
whereas KB11H14 is anhydrous, likely due to its larger radius and thus lower charge density,
making it less coordinating towards this molecule. All MB11H14 compounds decompose at =
210 °C with release of hydrogen. Additionally, KBi11Hi4 undergoes a reversible polymorphic
phase transition upon heating / cooling between 40 and 170 °C. The room temperature crystal
structure of KBi1H14 was solved in space group P1 and assume a high temperature face
centred cubic polymorph (Fm3m) exhibiting increased ionic conductivity results. The crystal
structure of LiB11H14-2H,0 was indexed in C2/c, and upon dehydration, LiB11H14:(H20), (n < 2)
exhibits a face centred cubic polymorph, which matches with the structure type seen for
NaBi1H14:(H20), at room temperature and B-KB11H1s polymorph. This suggests that the high
ionic conductivity observed for those samples may be related to the dynamics in the cubic

crystal structure they exhibit.
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LiB11H14:(H20), and NaBiiHia'(H20), feature promising ionic conductivity at room
temperature, 1.8 x 10°*Scm™tand 1.1 x 1073 S cm™, respectively, and even show conductivity
at sub-zero temperatures, such as —30 °C. These outstanding results may be related to as-yet-
unknown reorientational dynamics within the crystal structure or due to the fact that the
cation is solvated with water, which may facilitate the migration of the cation through the
crystal structure. Moreover, the oxidative stability limit of LiB11H14:(H20), and NaB11H14+(H20),
were identified as 2.1 V vs. Li*/Li and 2.6 V vs. Na*/Na, respectively.

LiB11H14:(H20), and NaB11H1a:(H20), are considered some of the best metal boron-hydrogen
ion conductors within the respective cation compound class. Besides that, the safe and low-
cost synthesis method enables these materials to be produced on a scale for practical
applications. Finally, the synthesised compounds may act as precursors in future work to
prepare mixed-anion compounds with even higher ionic conductivities. The results show
great promise towards the development of a solid-state electrolyte, and eventually ASSBs,

however further battery studies involving these electrolytes need to be undertaken.
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ABSTRACT

Hydridoborate salts are considered as promising solid-state electrolyte candidates for the
development of solid-state batteries (SSBs). The presence of coordinated water in the crystal
structure may facilitate the migration of the cation, yielding compounds with high ionic
conductivity. In the present study, two samples of hydrated LiB1i1Hi4, here called
LiB11H14:2H,0 and a-LiB11H14:(H20), (n < 2), demonstrate remarkably different properties as
solid-state electrolytes. LiB11H14:2H,0 is identified as a new class of ionic liquid, as it melts at
~ 70 °C, whereas the sample a-LiB11H1a:(H20), undergoes a polymorphic phase transition close
to this temperature, reaching the liquid-like ionic conductivity of 3.2 x 102 S cm™ at 70 °C and
an oxidative stability limit of 2.8 V against Li*/Li. Galvanostatic cycling and battery tests were
conducted with a-LiB11H14:(H20), as the solid-state electrolyte (SSE) at 60°C with the addition
of traces of either the ionic liquid (IL) LiB11H14-2H20 or the liquid electrolyte (LE) 1.0 M LiPFs
EC/DMC (v/v = 50/50) at their interfaces. Galvanostatic experiments for the cell Li/IL/SSE/IL/Li
showed an overpotential of only 21 mV after 9 days cycling (48 h at 25 pA cm™? and 168 h at
50 pA cm2), and the battery Li/LE/SSE/SSE+TiS; retained 83% of its capacity shown in the first
cycle at 0.4 C after 50 cycles. LiB11H14:2H20 and 1.0 M LiPFs EC/DMC work effectively as

wetting agents to improve SSE/Li contact.

4.1 INTRODUCTION

Liquid-based lithium-ion batteries (LIBs) have been used to power the majority of electronic
devices for the last three decades due to their long cycle life and ability to quickly charge [1,2].
However, the development of high-power technologies, such as electric vehicles and large-
scale energy storage, require batteries with higher energy density, durability, lower costs and
lighter components [3]. Those limitations have brought extensive research on the
development of solid-state electrolytes to replace the liquid component of the current
generation LIBs as an attempt to resolve their drawbacks [4,5]. Solid-state electrolytes can
provide higher thermal stability, improved safety and higher energy storage capacity, as they
can be compatible with alternative electrode materials, e.g. lithium metal, which is the target
anode material due to its low redox potential (-3.04 V vs. standard hydrogen electrode) and
high theoretical capacity (3,860 mAh g) [6-9].

In order to develop the next generation of batteries, the solid-state electrolyte must meet

several requirements, including, but not limited to, high ionic conductivity (=1 x 103 S cm™),
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wide electrochemical stability, compatibility with anode and cathode materials, affordable
cost, be an electrical insulator and environmentally friendly [1,10,11]. The interfacial
resistance between a solid-state electrolyte and the electrode (SSE/electrode) is also a crucial
factor for practical solid-state battery applications [12,13]. The formation of a solid-liquid
hybrid electrolyte is now seen as a strategy to overcome this issue [14,15]. It has been proven
that wetting the interface with the addition of a small amount of an ionic liquid [16—18] or an
organic liquid electrolyte [19-21] can improve interfacial contact and performance of the
battery [13].

Oxides [22,23] and sulphides [24,25] are commonly studied materials as solid-state
electrolytes due to their high ionic conductivities, however some aspects, such as, low
electrochemical stability, high interfacial resistance and/or high costs for large-scale
production hinder their use in solid-state batteries (SSBs) [26,27]. Lithium boron-hydrogen
salts have been recently investigated as solid-state electrolytes due to the disordered
polymorphic crystal structures with high ionic conductivity that some of them can assume at
higher than ambient temperatures [28—34]. Moreover, some of them present stability against
the lithium metal anode [11,35] and a reproducible manufacturing processes [11]. Several
attempts to stabilise the superionically conductive high temperature polymorphs to room
temperature or to increase the room temperature Li* conductivity of the boron-hydrogen
salts have already been conducted with some successful strategies, such as chemical and/or
mechanical modification [32,35-40]. The coordination of the borane salts with small neutral
molecules, such as water and ammonia, also seem to increase their ionic conductivity as those
molecules may facilitate the migration of the cation through the crystal structure [41-43].
Recently, the hydrated nido-borane lithium tetradecahydroundecaborane (LiB11H1a:(H20)»),
with cubic space-group Fm3m at room temperature (RT), had its synthesis elucidated and
ionic conductivity properties investigated [42]. This material exhibits a Li* conductivity of 1.8
x 104 S cm™ at 25 °C, which is some of the highest Li* conductivities at RT among the boron-
hydrogen salts [42]. Another recent study detailed the synthesis of dehydrated LiB11H14, which
presents an orthorhombic unit cell with space group Pbca and ionic conductivity of 1.5 x 10
S cm™ at RT. This sample undergoes a polymorphic phase transition at ~ 112 °C assuming a
disordered cubic Fm3 space group and has a liquid-like ionic conductivity [32].

Some of the most promising lithium-boranes as solid-state electrolytes have carboranes in

their structure, such as 0.7Li(CBgH10)-0.3Li(CB11H12) and Li3(B11H14)(CBgH10)2, which present
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ionic conductivities higher than 1 x 103 S cm™ at 25 °C [32,35]. However, carboranes usually
present high-costs due to the need for expensive and dangerous reagents, as well as, long
synthetic processes [44,45]. The optimisation of synthetic processes of metal-boranes with
reduced costs is important for further research and application as solid-state electrolyte.

Here, the synthesis of LiB11H1s4 with different levels of water content and structures are
demonstrated through a facile method using common laboratory reagents, as well as, their
thermal and solid-state electrochemical properties. Battery tests with the salt, here denoted
as a-LiB11H1a(H20),, were also performed using Li as the anode and TiS; as the cathode. A
liquid electrolyte and anionic liquid are used to investigate the effect of the interfacial contact
over the performance of the battery. The difficulties that surround the application of a-
LiB11H14:(H20), as solid-state electrolyte are also discussed in this paper for further

consideration in solid-state electrolyte research.

4.2 EXPERIMENTAL SECTION

4.2.1 Chemicals

Sodium borohydride (NaBHa, anhydrous, 98%), diglyme (CsH1403, anhydrous, 99.5%), 1-
bromopentane (CsH11Br, 98%), diethyl ether ((C2Hs)20, anhydrous, 99.7%), trimethylamine
hydrochloride ((CHs)sN-HCl, 98%), deuterated water (D20, 99.9 atom % D), deuterated
acetonitrile (CD3CN, 99.8 atom % D), lithium (Li ribbon, thickness 0.38 mm, 99.9%), graphite
powder (< 20 um), lithium hexafluorophosphate solution in ethylene carbonate and dimethyl
carbonate (1.0 M LiPFs EC/DMC (v/v = 50/50)), titanium(IV) sulphide (TiS2, 99.9%), acetonitrile
(CH3CN, anhydrous, 99.8%), boric acid (H3BOs, 99.5%) and platinum foil (Pt, 99.95%, thickness
0.1 mm) were all purchased from Sigma-Aldrich. Lithium hydroxide (LiOH, anhydrous, 98%)
and gold foil (Au, 99.95%, thickness 0.1 mm) were obtained from Alfa Aesar, acetone (CsHsO,
99.5%) from Unilab, and hydrochloric acid (HCI, 37%) from Scharlau. In order to maintain an
inert atmosphere, all chemicals and samples were manipulated in an argon filled glovebox

(Mbraun, Oz & H20 < 1 ppm) or using Schlenk techniques under argon.

4.2.2 Synthesis of lithium nido-tetradecahydroundecaborane, LiB11H14:2H,0, a-
LiB11H14-(HzO),, (n < 2), and LiB11H1a
LiB11H14:2H,0 was prepared based on the reaction of (CH3)sNHB11H14 and LiOH in aqueous

solution according to reaction 1, containing 40% excess LiOH:
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H20,100°C
(CH3)3sNHB11H14(aq) + LiOH(aq) = LiB11H14(aq) + (CH3)3N(g) + H20) (1)

(CH3)sNHB11H14 was synthesised according to a previously reported method [42]. This
material was further recrystallised by dissolution in a hot aqueous solution of acetone (10%
acetone) [46]. The colourless precipitate was collected by filtration, washed with cold Milli-Q
water and dried in vacuo at 90 °C. 140 mg of lithium hydroxide (5.85 mmol) was dissolved in
40 mL of Milli-Q water (0.15 mol L), and 800 mg of recrystallised (CH3)sNHB11H14 (4.14 mmol)
was added to this solution. To ensure dissolution of the powder, the mixture was sonicated
several times and stirred at room temperature. The aqueous solution was stirred at 100 °C
for ¥ 15 minutes in an open vessel to ensure elimination of trimethylammonium cation,
(CH3)sNH*, as trimethylamine gas, (CHs3)sN. After cooling to room temperature, the
suspension formed was filtered, and the filtrate dried at 80 °C under vacuum for 2 hours. No
additional step for removal of excess LiOH or possible byproducts was taken. This yielded 0.60
g (3.41 mmol, 82% yield) of a deliquescent colourless powder of LiB11H14:2H,0.

In order to synthesise LiBiiHia:(H20), with n < 2, the same methodology to prepare
LiB11H14:2H,0 was used, however different heating times to dry the sample were applied. For
a-LiB11H14:(H20),, the filtrate was dried for 4 hours in vacuo at 80 °C, yielding 0.52 g of the
material. For anhydrous LiB11H14, the filtrate was dried for 20 hours in vacuo at 110 °C, yielding

0.46 g of sample (3.29 mmol, 79% yield).

4.2.3 Synthesis of hydrated lithium nido-tetradecahydroundecaborane (Fm3m polymorph),
b-LiB11H14:(H20),

The synthesis of b-LiBi11H1a:(H20), was performed by following the same methodology
previously reported [42]. 600 mg of (CH3)sNHB11H14 was dissolved into 40 mL of an aqueous
solution of LiOH (0.47 mol L), which was heated at 100 °C for 15 minutes in an open vessel.
At room temperature, the solution was filtered, the filtrate was reheated to 90 °C and had its
pH adjusted to = 4.5 using an aqueous solution of HCI 2%. The solution was then washed with
diethyl ether at room temperature, and the organic layer was flushed with argon and dried in

vacuo at 80 °C to crystallise the known cubic Fm3m polymorph.
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4.2.4 Characterisation

4.2.4.1 Raman Spectroscopy

Raman spectra were obtained with an Alpa300SAR+ confocal Raman microscope (WITEC
GmbH, Ulm, Germany) equipped with a 2w-NdYAG laser (532 nm wavelength) and a 20x/0.4
NA objective (Zeiss, Germany). The spectrometer utilises a 600 g mm™ grating. Powder
samples were packed in capillaries inside an argon filled glovebox (Mbraun, O; & H,0 < 1
ppm), sealed with grease and then flame-sealed. Spectra were recorded with 100
accumulations at an integration time of 400 ms. Data were processed in terms of background
subtraction, cosmic ray removal and exported with the ProjectFOUR software package

(WITec, Ulm, Germany).

4.2.4.2 Nuclear Magnetic Resonance (NMR) Spectroscopy

A Bruker Avance |1l 400 MHz NanoBay spectrometer was used to collect *'B{*H} (128 MHz)
NMR data at room temperature (RT). The powdered samples were dissolved in 600 pL of
deuterated solvent (D20 or CD3CN) prior to analysis. In case of a solution-state sample, an
aliquot of 100 pL was dissolved in 600 uL of its deuterated solvent and analysed. The 1B NMR
spectra were referenced to a boron trifluoride etherate (BF3O(C2Hs)2) external standard.

118 (128.29 MHz) solid-state NMR spectroscopy was performed on a Varian VNMRS
spectrometer at RT. The samples were packed inside a 4 mm zirconia rotor in an argon filled
glovebox and sealed with gas-tight inserts. The samples were spun at 5 kHz, and acquisition
was performed with a one-pulse sequence, with proton decoupling and a relaxation delay of
10 seconds, for a total of 50 transients.

118 spin-lattice NMR relaxation rates (T1) of b-LiB11H14:(H20)» were measured as a function
of temperature in a heating run from -190to 110 °C (setup limit) using a 4.7 T superconducting
magnet, corresponding to the !B Larmor frequency of 64.168 MHz. This approach has been
previously successfully attempted on similar systems, such as (NHs).Bi12Hi2 [47,48],
(NH4)2B10H10 [48], and AgiBi2H12 [49]. Spin-lattice relaxation rates were measured using a
saturation-recovery sequence with spin echoes to detect the signal. The relaxation recovery

data is well-described using a stretch-exponent function.
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4.2.4.3 Structural Characterisation

X-Ray Powder Diffraction (XRPD) measurements were performed at room temperature (RT)
on a Bruker D8 Advance Powder Diffractometer with a Cu Kq radiation source (A = 1.54056 A)
operated at 40 kV/40mA with a LynxEye detector in the 29 range of 5 - 60°. The powder was
mounted inside an argon glovebox on a single-crystal Si low background sample holder and
sealed with an airtight poly(methyl-methacrylate) (PMMA) dome. Broad diffraction halos
from the sample holder are seen at ~10° and ~20° 2¢ in the diffraction data.

The samples a-LiB11H14:(H20), and b-LiB11H14:(H20), were also characterised using
Synchrotron Radiation X-ray Powder Diffraction (SR-XRPD) that was collected at the powder
diffraction beamline at the Australian Synchrotron using a wavelength of A = 0.590827(4) A,
which was refined using a NIST LaBs 660b line position standard. The samples were ground in
a mortar and pestle and mounted into a 1.0 mm borosilicate capillary inside an argon
glovebox, sealed with grease and flame-sealed outside the glovebox. Data was collected on a
Mythen Il microstrip detector at two positions, and later combined into gap-free data sets,
from 1°—81° 2. In-situ SR-XRPD data for g-LiB11H14:(H20), were collected during heating and
cooling, where the sample was heated from 25 °C to 100 °C at 5 °C min™! and then cooled at
6 °C min! to RT. In-situ SR-XRPD data for b-LiB11H14-(H20)» was collected during cooling to -
175 °C at 1 °C min't. Temperature was controlled using an Oxford Cryosystems Cryostream
Plus.

Diffraction patterns were indexed and quantitative analysis performed with the Rietveld
method using Bruker TOPAS software. The refinement of the samples was conducted without
the use of an internal/external standard. The percentage of each phase is based on the
crystalline components only and does not take into account unidentified phases or
amorphous material [50]. Reported uncertainties are based on mathematical fitting

uncertainty in TOPAS software.

4.2.4.4 Simultaneous Differential Scanning Calorimetry (DSC) and Thermogravimetry
Analysis (TGA)

Measurements were performed with a Netzsch (STA 449 F3 Jupiter) under an argon flow of
40 mL min! using Al,Os crucibles containing approximately 7 mg of sample in a Pt furnace.

The analysis was conducted from 25 — 300 °C at 10 °C min~!. The temperature and sensitivity
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of the DSC was calibrated using In, Zn, Sn, Bi and CsCl reference materials, resulting in a

temperature accuracy of + 0.2 °C, while the balance has an accuracy of + 20 pg.

4.2.4.5 Temperature Programmed Photographic Analysis (TPPA)

A pellet of LiB11H14:2H,0 and a-LiB11H14:(H20), (50 mg, 6 mm diameter) were pressed at 700
MPa inside an argon glovebox, transferred to a glass tube under an argon atmosphere and
placed in a custom-made brass heating block. The sample was heated from RT to ~ 230 °C

(AT/At = 10 °C min) while photos of the sample were collected every five seconds.

4.2.4.6 Electrochemical Impedance Spectroscopy (EIS)

Pellets of each sample (50 mg) were pressed at 700 MPa (6 mm in diameter, ~ 1.4 mm in
thickness) inside an argon glovebox, sandwiched between gold foil (0.1 mm in thickness), and
sealed within an airtight ‘Swagelok-type’ Teflon cell with 316 stainless steel electrodes. The
measurements were performed using a ZIVE SP1 electrochemical workstation at 100 mV AC
from 10 Hz to 1 MHz at RT and at isothermal temperatures after heating and cooling by
maintaining 50 minutes of thermal equilibrium at each temperature. Temperature was
monitored by a K-type thermocouple = 5 mm from the pellet and controlled with a tube
furnace from 30 — 90 °C and 90 — 30 °C for samples LiB11H14:2H,0 and a-LiB11H14:(H20), with
10 °C steps. This measurement was performed four times for sample a-LiB11H14:(H20),, and
after each cycle the Swagelok cell was opened inside an argon glovebox, and the pellet
thickness was measured. Each cycle was performed after an interval of 24 hours at RT. Sample
LiB11H14 was heated from 30 — 110 °C in intervals of 10 °C. lonic conductivity data (o) was
derived from the equation: o = d/IA, where o is the ionic conductivity in S cm™, d is the pellet
thickness in cm, [ is the x-intercept of the Nyquist blocking tail, and A is the area of the pellet
face in cm?. This tail accounts for the diffusion of ions in the solid-state electrolyte [51]. The
measurement uncertainty on each ionic conductivity data point (+ 10 %) is based on the x-
intercept of the Nyquist plot and has little impact on the logarithmic-scale of ionic
conductivity, which spans many orders of magnitude [42]. The activation energy of a-
LiB11H14:(H20)» was determined from the slope of the solid-state ionic conductivity plot
between 55 and 85 °C (Fig. 4.16B) for cycles 1 and 4 and averaged using the Arrhenius

equation: In gion = In 0o — (Ea/KgT), Where o, is a pre-exponential factor (S cm™), E; the
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activation energy (J), Ks the Boltzmann constant (1.3806 x 10723 J K1), and T the temperature

(K) [42,48].

4.2.4.7 Linear Sweep Voltammetry (LSV)

This experiment was performed to determine the oxidative stability limit of a-LiB11H14:(H20),
against Li metal, and it was based on a method proposed by Han et al. [52] and Asakura et al.
[53] a-LiB11H14:(H20), was mixed with graphite, previously heated to 550 °C under vacuum for
12 h, in a weight ratio of 75:25 by grinding 5 times with a mortar and pestle. 3 mg of the
mixture was layered on top of 40 mg of the sample, which was pressed together at 700 MPa
under argon to form a two layered pellet. This pellet was sandwiched to form an
Al/Pt/sample+C/sample/Li configuration, which was sealed within an airtight ‘Swagelok-type’
Teflon cell. LSV was conducted at 30 °C with a scan rate of 50 pV s* from 1.4 Vto 6.4 V. A
second LSV cycle was also conducted from 1.5 to 5.1 V at the same scan rate and temperature.
The oxidative stability of the material was determined from the intersection point of two

linear lines with R? > 0.99 (the background and the oxidative current) [53].

4.2.4.8 Galvanostatic Cycling (GC)

All galvanostatic measurements were performed on a Landt Instruments Battery Testing
System using a coin cell or a Swagelok-type cell at 60 °C. All cells were prepared by pressing a
pellet of the solid-state electrolyte (SSE), a-LiB11H14:(H20), (30 mg) at 700 MPa (6 mm in
diameter, ~ 1.0 mm in thickness, 0.28 cm?in surface area) inside an argon glovebox. The coin
cell of Li/a-LiB11H14:(H20)»/Li was assembled by sandwiching the SSE between pure lithium
disks and placing it inside a coin cell containing a nickel foil and a separator, which was sealed
using a coin press machine. Another symmetric cell of a-LiB11H1a:(H20), was prepared in a
Swagelok-type assembly with the addition of 1 drop of liquid electrolyte lithium
hexafluorophosphate solution in ethylene carbonate and dimethyl carbonate (1.0 M LiPFs
EC/DMC (v/v = 50/50)) on top of each side of the SSE and sandwiched between lithium disks
to form a Li/LE/a-LiB11H14:(H20)n/LE/Li cell. Another cell was prepared with the addition of 1
mg of ionic liquid (IL) LiB11H14:2H20 on each side of the SSE a-LiB11H14:(H20)s (28 mg), which
was pressed together at 700 MPa (6 mm in diameter, ~ 1.0 mm in thickness, 0.28 cm?in
surface area). This pellet was sandwiched between lithium disks to form a Li/IL/a-

LiB11H14-(H20)s/IL/Li cell. All batteries were left for 12 h at 60 °C at open circuit voltage prior
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to the commencement of the measurements. A constant current density of 25 pA cm™ was
applied for 1 hour in each direction during 48 hours. Then, the current was increased to 50
HA cm and left running for 96 hours with 1 hour sweeps. These current densities were

chosen to compare with recent literature on other boron-hydrogen systems [4,32,54].

4.2.4.9 Critical Current Density (CCD) Test

The symmetric Li/a-LiB11H1a:(H20),/Li cell was left for 12 h at 60 °C at open circuit voltage. A
constant current of 25 pA cm™ was applied for 30 minutes at each direction during 5 hours.
Then the current was raised up to 750 pA cm™ with increases of 25 pA cm™ steps and left at
each current density for 5 hours with 30 minutes sweeps, following a similar methodology

proposed by Su et al. [55].

4.2.4.10 Battery Assembly and Electrochemical Measurements

All measurements were performed on a Landt Instruments Battery Testing System using a
Swagelok-type cell at 60 °C. The solid-state cell was prepared based on a similar methodology
described by Gulino et al. [4] The cathode was prepared by mixing a-LiB11H14:(H20), and TiS;
in a 1:1 proportion by mass. The mixture was ground 5 times with a mortar and pestle, and 2
mg of the mixture was layered on top of a pellet (6 mm diameter) of 25 mg of a-
LiB11H14:(H20)n, previously pressed at 350 MPa. The cathode loading was chosen to be similar
to other recent publications on similar materials [4,32,35]. Both, cathode and solid-
electrolyte, were pressed together at 700 MPa. A drop of liquid electrolyte 1.0 M LiPFe
EC/DMC (v/v = 50/50) was added on top of a Li metal disk (6 mm diameter) that was used as
the anode and hand-pressed together with the pellet of SSE and cathode in a Swagelok-type
cell against the stainless steel electrodes, resulting in the Li/LE/a-LiB11H14:(H20)n/a-
LiB11H14:(H20),+TiS2 assembly. The cell containing ionic liquid at the interface was prepared
by pressing a pellet (6 mm diameter) of 1 mg of LiB11H14:2H,0 on each side of the SSE a-
LiB11H14:(H20)» (23 mg) at 350 MPa. Both, cathode (2 mg) and electrolyte, were pressed
together at 700 MPa and hand-pressed with lithium resulting in a Li/IL/a-LiB11H14:(H20),/IL/a-
LiB11H14:(H20),+TiSz cell. Galvanostatic charge/discharge experiments (1 C=239 mA g!) were
conducted with the cell at 60 °C in the voltage range 1.7 — 2.5 V vs. Li*/Li. Only the mass of

TiS; was considered for the calculation of the specific capacity.
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4.3 RESULTS AND DISCUSSION
4.3.1 Sample characterisation
The samples were characterised through Raman spectroscopy (Fig. 4.1), and the presence of

B-H bonds was confirmed by Raman modes at around 2500 cm~ [56-58].

a-LiB,H,,-(H,0),

Intensity (a.u.)

LiB44Hy4

L0

500 1000 1500 2000 2500 3000 3500
Raman shift (cm™)

Figure 4.1 Raman spectra of solid-state LiBi;H14:2H,0 (black), a-LiB11H14:(H20), (red), and LiBiiHi4

(green).

The lack of a N-H Raman shift between 3400 - 3200 cm™ that would be observed from
unreacted (CHs3)sNHB11Hi14 was not detected, confirming that there is no remnant
trimethylammonium-borane in the solid [42,59]. Moreover, the presence of water was
confirmed for samples LiB11H14:2H,0 and a-LiB11H14:(H20),through the observation of an O-H
stretching band at 3600 - 3450 cm™ [60]. The intensity of this band is higher in the doubly
hydrated salt than in a-LiB11H1a:(H20),, as the latter contains less water molecules. The same
O-H mode was not observed for LiB11H14, which suggests that the heating treatment that was
applied to dry this sample was enough to obtain an anhydrous salt. The Raman mode

observed at ~ 770 cm™ in all samples may be related to the presence of B-O bonds from an
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amorphous borate byproduct, e. g. LiB(OH)4, that is formed and remains in the composition
of the solid [61-63].

1B NMR spectroscopy (Fig. 4.2) was conducted in deuterated acetonitrile (CD3CN), and Bi1H14"
resonances (6 = -14.2, -16.0 and -16.8 ppm) were identified in the spectra of all samples
[32,42]. The presence of additional resonances representing B11H13OH at 6 = 18.8, -9.6,
-10.7, -23.3, -29.1, and -40.0 ppm can only be observed in the spectrum of anhydrous
LiB11H14 [42]. The formation of this species is expected for samples of Bi1H14” and other boron-
hydrogen salts, such as B12H122" and BigH10*, when exposed to long periods of heating and/or

dehydration [42,64].

LiB,,H,,-2H,0

a-LiB,,H,,(H,0),

Intensity (a.u.)

LiByyHy4

20 10 0 -10 20 -30 -40
¢ "'B{"H} (ppm)
Figure 4.2 1'B{*H} NMR spectra (128 MHz) of LiB11H14-:2H,0 (black), a-LiB11H14:(H20), (red), and LiB11H14
(green) in CDsCN. The resonances at 6 = -14.2, -16.0 and -16.8 ppm that are observed in all spectra
are due to BiiHi4™. B1;H130H™ (6 = 18.8, -9.6, -10.7, -23.3, -29.1, and -40.0 ppm) can be identified in

the spectra of LiB11H14 by small intensity peaks.

Itisimportant to highlight that a white precipitate was formed in the NMR tube for all samples
after dissolution of the salts in acetonitrile. In order to further investigate the composition of

that precipitate, 40 mg of a-LiB11H14:(H20), was mixed with 6 mL of acetonitrile and sonicated
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several times at room temperature, which formed a white precipitate. After filtration, an
aliquot of the filtrate was dissolved into CD3CN, and an aliquot of the residue was dissolved
into D20 for further NMR analysis. Fig. 4.3 shows that the filtrate contained B11H14", whereas

the NMR spectrum of the residue shows the presence of a borate species.

a-LiB4H,,(H,0),

Filtrate
CD,CN

Precipitate
D0

Intensity (a.u.)

20 10 0 10 20
§""B{'H} (ppm)
Figure 4.3 'B{*H} NMR spectra (128 MHz) of filtrate in CDsCN (top) and precipitate in D,O (bottom)
after mixing a-LiB11H14:(H20), in acetonitrile. The *B{*H} NMR spectrum of the filtrate shows the
presence of Bi;His™ anion (6 = -14.2, -16.0 and -16.8 ppm), whereas the precipitate shows the

presence of a borate species at 11.8 ppm.

Solid-state 1B NMR spectroscopy of a-LiB11H14:(H20), (Fig. 4.4) also reveals the presence of
B11H14", which was compared with the spectrum of the previously reported LiB11H14:(H20)5in
the Fm3m space-group (denoted here as b-LiB11H1a-(H20)») [42], and a borate species at a
chemical shift of ~ 1 ppm. Boric acid is formed as a byproduct of the reaction of
(CH3)sNHB11H14 with an alkaline metal hydroxide in aqueous solution [42]. The reaction of
unreacted lithium hydroxide with boric acid forms a lithium borate species, e.g. LiB(OH)4, that

is observed through solid-state 1B NMR spectroscopy at ~ 1 ppm (Fig. 4.4) [65,66].
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Figure 4.4 Solid-state B MAS NMR spectra of g-LiBiiH1s:(H20), (red) and b-LiBi1H1a:(H20), (black),
which was added for comparison to show the position of Bi1His (6 = -15.4 and -17.7 ppm), at RT

[42,54]. The presence of a borate species can be seen in the spectrum of a-LiB11H14:(H,0), at = 1 ppm.

In aqueous solution, an equilibrium exists between B(OH)s and H3BOs3, according to reaction
2, which shifts the 1B NMR chemical signal of the borate species as a function of pH in the
range of 1 - 20 ppm (Fig. 4.3) [67].

B(OH)4'(s) 2 OH'(aq) + H3BO3(aq) (2)

XRPD patterns of LiB11H14:2H20, a-LiB11H14:(H20)s, and LiB11H14 are illustrated in Fig. 4.5. The
presence of unreacted LiOH or any crystalline borate species were not observed in any
diffraction pattern, which suggests the presence of an amorphous borate compound, in
conjunction with 'B NMR and Raman spectroscopy results. The formation of lithium borate
species from the reaction of lithium hydroxide and boric acid in aqueous solution has been

previously reported [68].
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Figure 4.5 XRPD pattern for LiB11H14:2H,0, a-LiB11H14:(H,0),, and LiB1;H14 at room temperature with

magnified insets in the range of 26 = 12 — 22°. A = 1.54056 A.

Furthermore, as a test, 0.1 g of H3BOs was dissolved into 30 mL of an aqueous solution
containing 0.1 g of LiOH, and that solution was submitted to the same process that is
conducted to synthesise any LiB11H14 reported here. Therefore, the solution was heated at
100 °C for 15 minutes in an open vessel, filtered at room temperature and left drying in vacuo
at 80 °C. The resulting white solid was characterised through XRPD and 1B NMR in D0 at

room temperature (Fig. 4.6).
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Figure 4.6 XRPD (A = 1.54056 A) pattern (left) and *B{*H} NMR spectrum (128 MHz) in D,O (right) for
the product of the reaction of LiOH and H3BOs at RT. Red stars in the XRPD pattern at 26 = 20.5° and
32.6° represent unreacted LiOH and the broad diffraction halos at ~ 10° and =~ 20° 26 are due to the

sample holder, but may mask other amorphous halos.

The XRPD pattern infers the formation of an amorphous LiB(OH)4 structure, and solution-state
1B NMR shows a peak at 1.6 ppm, which is in agreement with the chemical shift of B(OH)4 in
a high pH aqueous solution [67]. These results suggest that all samples of LiB11H14 presented
here do not contain any unreacted LiOH, but instead contain some quantity of an amorphous
lithium borate species.

Rietveld refinement analysis of LiB11H14:2H,O XRPD data (Fig. 4.7) reveals that the material is
predominantly formed by the dihydrate in the monoclinic space group C2/c (97.0(3) wt%),
which is the same as that previously reported from single-crystal XRD data [42]. The presence
of a minor amount (3.0(3) wt%) of a compound in the orthorhombic space-group Pbcn (a =
41.431(30) A, b = 10.114(8) A, ¢ = 10.454(11) A, V//Z = 273.8 A3) can also be observed in the

diffractogram of this sample (indexing details below, also see Table 4.1).
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Figure 4.7 XRPD (A = 1.54056 A) and Rietveld refinement of LiB11H14-2H;0. Rwp = 3.71 %. Green and
blue lines represent Bragg position from space group C2/c (LiB1:1H14:2H,0) [42], 97.0(3) wt%, and the
indexed space group Pbcn (LiB11H14:(H20),), 3.0(3) wt%, respectively.

DSC-TGA was conducted on LiB11H14:2H,0 in order to investigate its thermal behaviour (Fig.
4.8). Astrong endothermic event was observed at 73 °C, which was first assumed to be related

to a polymorphic phase transition.

exo{

944 12.5(2) wt%
.4

Heat Flow
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Temperature (°C)

Figure 4.8 DSC/TGA measurement of LiB11H14:2H,0 in the temperature range 30 — 300 °C (AT/At = 10
°C min’?, Ar flow = 40 mL min™?). Approximately 7 mg of sample was used for analysis. The melting
event is characterised by the endothermic feature at 73 °C, and the exothermic peak at 233 °C

represents its decomposition accompanied by a mass loss of 12.5(2)%.
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However, TPPA (Fig. 4.9) shows that the pellet of LiB11H14:2H,0 becomes a liquid at = 70 °C,
therefore, the endothermic peak corresponds to the melting point of the material. The DSC-
TGA plot also showed an exothermic peak at 230 °C with a corresponding weight loss of
12.5(2)%, indicative of its decomposition (Fig. 4.8). TPPA also showed that the sample

becomes a solid again above 200 °C, along with water loss and the subsequent change to a

yellow colour.

60 °C 80 °C

150 °C 220 °C 230 °C

- ’

Figure 4.9 TPPA of LiB1;H14-2H,0 heated from RT to 230 °C (AT/At = 10 °C min1). The sample starts

melting at ~ 60 °C, solidifies again upon heating, and starts decomposing at ~ 220 °C, when it becomes

a yellow solid.

It should be noted that salts with low melting points below 100 °C, are classified as ionic
liquids, of which most are composed of an organic cation and an inorganic anion [69,70].
Furthermore, ionic liquids present several different applications, including chemical reactions
as solvents or catalysts and in energy storage applications as electrolyte materials [69-72].
LiB11H14:2H,0 is reported here as a new class of ionic liquid, which is simple to prepare, free
of an organic component and should therefore be further studied for future battery
applications. It is important to clarify that the water in this system is not ‘free water’, instead
it is strongly bound to the Li* cation in the salt as a solvated molecule [42]. Thus the ionic

liguid, or molten LiB11H14.2H,0, is simply a molten salt, not a wet salt. This means that the
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H,0 molecules are bound to the Li* cation and are less prone to reacting with other parts of
a battery due to enhanced electrochemical stability [73,74].

To understand its thermal behaviour, a-LiB11H14-(H20), was analysed through SR-XRPD, and
the RT and HT (high temperature, 100 °C) data were treated by Rietveld refinement (Fig. 4.10).
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Figure 4.10 Left: SR-XRPD (A = 0.590827(4) A) and Rietveld refinement of sample a-LiB11H14+(H,0), at
RT, Rwp =5.37%. Brown, green and blue lines indicate Bragg positions from space groups Pbca (LiB11H14)
[32], 70.0(1) wt%, C2/c (LiB11H14:2H,0) [42], 4.10(11) wt%, and the indexed space group Pbcn
(LiB11H1a:(H20)n), 25.9(1) wt%, respectively. Right: SR-XRPD (A = 0.590827(4) A) and Rietveld
refinement of a-LiB11H14-(H20), at 100 °C, Rwp = 3.08%. Blue lines indicate Bragg position from space

group la3d.

The sample measured at RT is a mixture of three LiB11H14 containing compounds. Two of the
major phases were LiB11H14 (space group Pbca, 70.0(1) wt%) [32] and LiB11H14:2H,0 (space
group C2/c, 4.10(11) wt%) [42] (see Table 4.1 below). The second most abundant phase was
indexed in the orthorhombic space group Pbcn with lattice parameters a = 41.446(1) A, b =
10.127(1) A, c = 10.440(1) A, and V/Z = 273.9 A3. As this phase was only present as 25.9(1)
wt% of the sample, it was not possible to solve the structure, although it is deemed that it is
a hydrated LiB11H14a complex. As such, the sample itself is denoted as a-LiB11H14:(H20), with
an unknown water content. Upon heating past 70 °C, this mixture of LiB11H14 and its hydrates

undergoes a polymorphic phase transition to a cubic HT polymorph (Fig. 4.10 and 4.11).
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Figure 4.11 (A) In-situ SR-XRPD data of a-LiB11H14:(H20), during heating (5 °C min™t) and cooling (6 °C
min?). A reversible polymorphic phase transition occurs at ~ 70 °C on heating and at ~ 55 °C on
subsequent cooling. Red line represents temperature. (B) SR-XRPD patterns of HT (high temperature)
a-LiB11H14:(H20), at 100 °C (red) and RT (room temperature) a-LiB11H14:(H20), (black). A = 0.590827(4)
A.

It has been reported that dehydrated LiBiiHi4 undergoes an orthorhombic to cubic
polymorphic phase change at = 110 °C [32]. Therefore, it is proposed that the presence of
hydrates reduces the cubic polymorphic phase transition temperature closer to RT. The
structure observed for the HT a-LiB11H14:(H20), at 100 °C was indexed in cubic space group
la3d with a = 14.399(1) A and V = 2985.6(1) A3 (see Fig. 4.10 and Table 4.1 below). Anhydrous
LiB11H14 was previously indexed in space group Fm3 (a = 9.9465(6) A) at high temperature
(140 °C) [32]. Unfortunately, due to the inherently disordered structure and possible
dynamics of the B11H14  anions along with the fractional coordinated water, it was not possible

to solve the crystal structure for HT a-LiB11H1a:(H20).
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DSC/TGA data for a-LiB11H14:(H20), (Fig. 4.12) demonstrated an endothermic event at ~ 70 °C,
which corresponds to the polymorphic phase change to la3d (Fig. 4.11) along with a

simultaneous partial melting event.
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Figure 4.12 DSC/TGA measurement of a-LiB11H14:(H20), in the temperature range 30 — 300 °C (AT/At =
10 °C min™?, Ar flow = 40 mL min™?). Approximately 7 mg of sample was used for analysis. The phase
change event is characterised by the endothermic feature at 70 °C, and the exothermic peak at 225 °C

represents its decomposition accompanied by a mass loss of 8.4(4)%.

TPPA (Fig. 4.13), exhibits slight liquification on the surface of the a-LiB11H14:(H20), pellet upon
reaching the polymorphic phase change temperature (= 70 °C). This is the same melting
temperature observed for the salt of LiB11H14:2H,0 (Fig. 4.8 and 4.9), which may be related to

the presence of 2 water molecules in its crystal structure.
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Figure 4.13 TPPA of a-LiB11H14:(H20), heated from RT to 220 °C (AT/At = 10 °C min™2). The sample
changes phase near 70 °C, and it does not melt. The pellet expands and keeps its solid shape upon

heating. It starts decomposing at = 215 °C, when it becomes a yellow solid.

a-LiB11H14:(H20), is @ mixture of LiB11H1a (70 wt.%) with 2 of its hydrates, including only 4.1
wt.% of the monoclinic (C2/c) dihydrate, which melts at ~ 70 °C, but may induce a lower
polymorphic phase transition temperature than that seen for dehydrated LiB11H14 at 110 °C
[32]. Upon heating, a-LiB11H14:(H20), does not lose its solid shape and finally decomposes at
225 °C, which is represented by a sharp exothermic peak, mass loss of 8.4(4)% (Fig. 4.12) and
change in colour (Fig. 4.13).

XRPD of the fully dehydrated LiB11H14 sample shows that this salt exists in an orthorhombic
space group Pbca identical to the published structure [32] (see Fig. 4.14 and Table 4.1 below),
while its DSC/TGA plot (Fig. S4.15) shows an endothermic polymorphic phase change event
at 112 °C, also identical to data published previously [32]. The LiB11H14 sample also share
similar Li* conductivity as a function of temperature to published anhydrous LiB11H14 [32], as
shown below in the ‘solid-state ionic conductivity’ section (section 4.3.2). It is important to
highlight that the previously published anhydrous LiB11H14 was reported to be free of any LiOH
or borate impurity meaning that these impurities may not greatly impact the material

properties [32].
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Figure 4.14 XRPD (A = 1.54056 A) and Rietveld refinement of LiB11H1s. Rup = 4.05%. Blue lines represent
Bragg position from space group Pbca [32].
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Figure 4.15 DSC/TGA measurement of LiBi1H14 in the temperature range 30 — 300 °C (AT/At = 10 °C

min~?, Ar flow = 40 mL min™?). Approximately 7 mg of sample was used for analysis. The phase change

event is characterised by the endothermic feature at 112 °C, and the exothermic peak at 211 °C

represents its decomposition accompanied by a mass loss of 1.8(2)%.
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Table 4.1 Structural parameters determined from Rietveld refinement of the XRPD data from

this work and other related compounds.

Sample T (°C) Space Group and Lattice Parameters

C2/c (LiB11H14-2H,0) [42], 97.0(3) wt%
Monoclinic
a=10.431(3) A
b=10.110(3) A
c=42.329(10) A
6=91.212(3)°
V = 4463.1(19) A3
LiB11H14-2H,0 25 2=16
Pbcn (LiB11H1a:(H20)n), 3.0(3) wt%
Orthorhombic
a=41.431(30) A
b=10.114(8) A
c=10.454(11) A
V =4380.8(64) A3
Z=16
Pbca (LiB11H14) [32], 70.0(1) wt%
Orthorhombic
a=9.7999(1) A
b=9.5073(1) A
c=18.856(1) A
V=1756.8(1) A3
Z=8

Pbcn (LiB11H14:(H20)n), 25.9(1) wt%
Orthorhombic
a=41.446(1) A

s o)

V =4382.0(2) A3

Z=16

C2/c (LiB11H14:2H,0) [42], 4.10(11)
wt%

Monoclinic
a=10.421(1) A
b=10.142(1) A
c=42.295(3) A
6 =91.097(6)°
V=4469.1(7) A3
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la3d

Cubic
a-LiB11H14:(H20)n 100 a=14.399(1) A
V =2985.6(1) A3

Z=12

Pbca (LiB11H14) [32]
Orthorhombic
a=9.786(2) A

LiB11H14 25 b =9.5241(19) A

c=18.892(4) A

V =1760.8(6) A3

Z=8

4.3.2. Solid-State lonic Conductivity

The lithium ion conductivity for each synthesised material was assessed as a function of
temperature as illustrated in Fig. 4.16A. The reported ionic conductivities of dehydrated
LiB11H14 [32], b-LiB11H14:(H20), [42], and of the ionic liquid electrolyte 1 mol L solution of 1-
ethyl-3-methylimidazolium tetrafluoroborate (EMIBF4) with lithium tetrafluoroborate (LiBFa)
[24], are also displayed for comparison. The EIS measurements for the a-LiB11H1a:(H20)n
sample were performed at discrete isothermal temperatures during four heating and cooling
cycles, in order to check the reproducibility of the results and the conditions of the pellet after
each experiment, with the results illustrated in Fig. 4.16B. The Nyquist plots for this sample
at 30 and 90 °C, as well as the battery circuit model used to fit this data, are depicted in Fig.
4.17. lonic conductivity measurements above 60 °C for sample LiB11H14:2H,0 could not be
measured due to melting of the material (Fig. 4.9), which causes a short circuit in the

measurement cell.
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Figure 4.16 A) Solid-state ionic conductivity of LiBi;H14:2H,0 (green), a-LiBi11Hi4:(H20), (red), and
LiB1:H14 (blue), as a function of temperature. Dehydrated LiBi1His (brown) [32], b-LiB11H14:(H20),
(orange) [42], and ionic liquid electrolyte LiBF4/EMIBF,(grey) [24] are plotted for comparison. The solid
lines denote the ionic conductivity of the materials synthesised in this work. Closed and open symbols
represent heating and cooling regimes, respectively. B) Solid-state ionic conductivity of a-

LiB11H14:(H20), over four cycles of heating and cooling measurements.
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Figure 4.17 A) Equivalent circuit model used to fit impedance data (R1+Q1/R2+Wo), where R1 is the
internal resistance, R2 is the surface-layer resistance, CPE1 (Q1) is the constant phase element and
Wol is the open Warburg element [75,76]. B) Nyquist plots of the Au-symmetric cell for a-
LiB11H14:(H20), at 30 and 90 °C.
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Anhydrous LiB11H14 exhibits similar Li* conductivity to that previously reported for dehydrated
LiB11H1a4 [32], which shows that the synthesis of the anhydrous salt was also achieved by a
different method. All samples present an ionic conductivity in the order of 10®S cm™ at 30
°C, but only a-LiB11H14:(H20), reaches an impressive conductivity in the order of 102Scm™ at
60 °C due to its polymorphic phase transition. Upon cooling, a-LiB11H14:(H20), maintains its
superionic conductivity until # 55 °C, when it reverses back to its RT crystal structure (Fig.
4.11). Within the temperature range of 60 - 90 °C, a-LiBi11H14:(H20), exhibits an ionic
conductivity identical to the liquid electrolyte LiBF2/EMIBF4, making it an ideal candidate for
the development of next generation solid-state-batteries. The Nyquist plot at 30 °C (Fig. 4.17)
shows a semi-circle at the high and intermediate frequencies, which is assigned as the
sample’s charge-transfer resistance, and a spike line (Warburg element) at the low frequency,
indicative of Li* diffusion [51]. At 90 °C, only the Warburg element can be observed, which
indicates a low charge-transfer resistance and a high ionic diffusion [51,75,76]. Fig. 4.16B
demonstrates that the results of lithium ionic conductivity for a-LiB11H1a(H20), is
reproducible after thermally treating the pellet multiple times. The pellet maintained its solid
consistency throughout the four cycles, and only small variations on its thickness were

measurable, but all within experimental uncertainty (Table 4.2).

Table 4.2 Pellet thickness at RT and ionic conductivity results at 30 and 90 °C for sample a-
LiB11H14:(H20)n at different cycles.

Cycle Pellet thickness at  lonic conductivity lonic conductivity Pellet thickness at

RT before cycle at30°C(Scm™) at90°C(Scm™) RT after cycle

(mm) (mm)
1 1.4 (+0.1) 7.4x10° 4.2 x1072 1.2 (x0.1)
2 1.2 (+0.1) 6.0x 10 2.3 x 107 1.2 (£ 0.1)
3 1.2 (£ 0.1) 8.6 x 10°® 2.4x1072 1.2 (£ 0.1)
4 1.2 (+0.1) 7.7 x 10 3.6 x 10 1.1 (£ 0.1)

The activation energy required for Li* migration for the HT a-LiB11H14:(H20), structure was

measured from the slope of the solid-state ionic conductivity plot as 0.16 + 0.01 eV between
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55 and 85 °C (Fig. 4.16A), which is low compared to other lithium boron-hydrogen materials
(Table 4.3), but the same as that previously reported for HT anhydrous LiB11H14(0.16 eV) [32].

Table 4.3 Activation energy of some lithium boron-hydrogen salts.

Lithium boron-hydrogen salt Activation energy (eV) Reference
HT? a-LiB11H14:(H20), 0.16 (+ 0.01) This work
LiCBoH10 0.29 [30]
LiCB11H12 0.22 [31]
0.7Li(CB9H10)-0.3Li(CB11H12) 0.29 [35]
Li-7-CB1oH13 0.39 [29]
b-LiB11H14:(H20)n 0.5 [42]
Li2B11H12 0.49 [77]
LT LiB11H14 0.81 [32]
HT LiB11H14 0.16 [32]
LT LiBH4 0.69 [28]
HT LiBH4 0.53 [28]

2HT = High Temperature polymorph. °LT = Low Temperature polymorph

Comparing the results of ionic conductivity of a-LiB11H14:(H20), with other boron-hydrogen
salts and mixtures (Fig. 4.18), a-LiB11H1a:(H20), shows similar conductivity trends with
temperature as seen for carboranes, such as LiCBgH1o [35]. Both compounds present an ionic
conductivity in the order of 10 S cm™ at 30 °C, although conductivity increases significantly
to~ 101 S cm™ (superionic conductivity) when the temperature is increased to 90 and 70 °C
for LiCBoH1io and a-LiB11H14:(H20),, respectively, which also incurs a polymorphic phase
change. These superionic results observed for a-LiB11H14:(H20), between 60 and 90 °C also
correlate to the results observed for the 0.7Li(CBgH10)-0.3Li(CB11H12) mixture [35], of which,
to date, is the lithium boron-hydrogen sample with the highest ionic conductivity at room
temperature (6.7 x 103 S cm™). It is important to highlight that carboranes are more
expensive and more difficult to synthesise than carbon free boron-hydrogen salts [44], such

as a-LiB11H1a:(H20), reported here.
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Figure 4.18 Solid-state ionic conductivity of a-LiB11Hi4:(H,0), compared with other lithium boron-

hydrogen salts [28-32,35,42,78].

The step-function jump in ionic conductivity due to a polymorphic phase change is also
observed in other lithium boron-hydrogen salts, such as LiBHs [28], Li-7-CB1oH13 [29], and
LiCB11H12[31]. Similarly to LiCB11H12, a-LiB11H14-(H20), likely assumes a disordered cubic phase
at high temperature, which, coupled with the large size and high orientation mobility of the
anion, yields a salt with liquid-like ionic conductivity [31]. Besides that, the presence of water
in its crystal structure may also assist the Li* transport through the high-symmetry cubic
polymorph [41,79]. It has already been reported that hydrated LiBH4 can exhibit higher ionic
conductivity than anhydrous LiBHs, and that enhancement of Li* conduction might be
associated to the motion of structural water [41]. In a similar manner, the presence of
ammonia molecules in hemi-ammine lithium borohydride (LiBH4-1/2NHs3) assists the
migration of Li* through the crystal structure, increasing its ionic conductivity [43].

The sample of b-LiB11H1a:(H20), presents a cubic Fm3m space group at room temperature
[42], however it does not reach such high Li* conductivity (close to 10 S cm™) as a-
LiB11H14:(H20), even at high temperatures. This might be related to the fact that sample a-
LiB11H14:(H20), exhibits a small quantity of the molten LiB11H14:2H,0 phase and a disordered
HT polymorph above 60 °C, which significantly enhances its ionic conductivity. It is also

hypothesised that the salt b-LiB11H14:(H20), may exhibit disordered structural behaviour in its
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cubic polymorph at room temperature and might undergo a polymorphic phase transition to
amore ordered crystal structure at sub-zero temperatures [42]. In order to further investigate
any possible order-disorder phase transition and to assess the information concerning
structural dynamics (including rotations/reorientations of boron cages) in-situ SR-XRPD and
11B spin-lattice NMR relaxation rates (T1) of b-LiB11H14:(H20), were measured as a function

of temperature (Fig. 4.19).
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Figure 4.19 Left: In-situ SR-XRPD (A = 0.563516(6) A) data of b-LiB11H14:(H20). during cooling at 1 °C
min™t. No significant change can be observed in the temperature range used to conduct the
experiment (RT to -175 °C). Red line represents temperature. Right: 1'B spin-lattice relaxation rates of
b-LiB11H14:(H20)n as a function of inverse temperature. The solid line represents the best model fit to
a relaxation model considering two types of dynamic processes with different activation energies and
a temperature-independent contribution to relaxation due to interactions with paramagnetic

impurities in the sample.

The in-situ SR-XRPD results are displayed in Fig. 4.19 when cooling from RT to -175 °C, and
there is no clear evidence of a polymorphic transition, nor in the NMR data when the sample
is cooled. Boron spin-lattice relaxation in NMR data is influenced by fluctuations in dipolar
interactions of boron nuclei with other boron atoms, protons, and Li nuclei, as well as by
fluctuations of the interaction between the nuclear quadrupole moment of boron nuclei and
the electric field gradient tensor (EFG) at the site of the nuclei. These fluctuations are caused
by the motions of the units. As the relaxation rate increases with temperature, the same
approach is followed as previously reported [49] to understand the dynamic processes in b-
LiB11H14:(H20)a. It is found that there are two contributions from two types of dynamic

processes, assuming the asymptotic form of the simple relaxation model and an additional
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temperature-independent contribution to relaxation due to paramagnetic impurities that are
present in the sample. The dynamic process with the higher activation energy, Eq; = 0.32(1)
eV, is associated with thermally-activated rotations/reorientations of the boron cages, and is
in line with the activation energies for similar systems [29,47—-49]. This activation energy is
lower than the one obtained from ionic conductivity for this sample (0.5 eV) [42], however
this is expected, as a jump of Li* also includes some breaking of the lattice, which requires
additional energy [30]. The process with the lower activation energy, Eqs2=0.074(5) eV, is likely
associated with tumbling or twitching of a small fraction of loosely-bound B11H14™ units in the
system, and the activation energy is similar to what has been previously observed for that

type of dynamic process in Ag2B12H1» [49].

4.3.3 Electrochemical stability

The oxidative stability limit of a-LiB11H14:(H20), against Li metal was determined through a
linear sweep voltammetry experiment at 30 °C following the method proposed by Asakura et
al. [53]. The voltammogram shows two oxidation onsets (Fig. 4.20), a minor event at 2.1 V
and another more significant oxidation event at 2.8 V, which is in agreement with results

previously published for b-LiB11H14:(H20), [42].
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Figure 4.20 Linear Sweep Voltammogram of Li/a-LiB11H14:(H20)n/a-LiB11H14:(H,0),+C/Pt/Al cells at a
scan rate of 50 pV s at 30 °C between 1.6 and 5.2 V (1 cycle) and 1.6 and 5.1 V (2™ cycle). The
oxidative limit was estimated by the interception of the red dashed lines, which represent the linear

regression lines of the background and the anodic current.
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The first oxidation onset is low in intensity and may be due to the background current, which
is a non-faradaic current attributed to the double-layer capacitance [53], rather than an onset
of decomposition of the material. A similar voltammogram is observed for a previously
reported solid-mixture of LiB11H14:LiB11H13R” (R = OH and OB11Hasli) [32], which presents a
steep background current prior to its Faradaic oxidative current at 2.52 V. Besides that, the
solid-solution Liz(B11H14)(CB11H12) also exhibits an onset of decomposition at = 2.6 V [32],
similar to other nido-boranes, such as NaB11H14[54] and NaBi1H14-(H20), [42] that exhibit an
oxidative current of 2.6 V vs. Na*/Na. Therefore, a-LiB11H14:(H20), exhibits a similar oxidative
stability limit of 2.8 V against Li*/Li. The small peak current (~ 4.0 uA cm2) during oxidation
indicates that only a small amount of a-LiB11H14:(H20), was oxidised, and the presence of a
small onset in the same region near 2.8 V during the second LSV cycle (Fig. 4.20), might
indicate a further oxidation of its surface layer [52]. It is important to highlight that this
reaction is an event that occurs on the interface electrode/electrolyte, thus the bulk stability
of a-LiB11H14:(H20), might be preserved, as it has already been observed for other nido-
boranes [42].

The electrochemical stability of a-LiB11H14:(H20), against lithium metal was also evaluated
through galvanostatic cycling of three different types of symmetric cells at 60 °C. Initially, a
pellet of a-LiB11H14:(H20), was prepared and assembled between Li disks in a coin cell to form
a Li/a-LiB11H14:(H20)n/Li configuration. However, the insufficient contact between Li and solid
electrolyte can form voids at the interface, which increases interfacial resistance and
overpotential that is required to generate and maintain a constant current [4,80]. One way to
increase surface contact and reduce the magnitude of the overpotential upon cycling is by
applying a continuous stack pressure to the cell [80,81]. An alternative strategy is to utilise a
wetting agent, such as an ionic liquid, between the solid electrolyte and the Li metal interface
[17]. Even the type of battery (e.g. coin cell or a Swagelok cell) that is used to conduct the
experiments can influence the results of interfacial resistance [82]. In this work, a second
symmetric cell of Li/a-LiB11H14:(H20)./Li was prepared with the addition of a drop of liquid
electrolyte (LE, 1.0 M LiPFs EC/DMC) between the interfaces of the lithium metal and the SSE
to form a Li/LE/a-LiB11H14:(H20),/LE/Li configuration. A third symmetric cell was also prepared
with the addition of a small amount (1 mg) of LiB11H14:2H20 on the interface between Li/SSE
in order to evaluate the properties of LiB11H14-2H,0 as an ionic liquid as it melts at =~ 60 °C.

This cell configuration is here referred to as Li/IL/a-LiB11H1a:(H20),/IL/Li. Both hybrid
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solid/liquid cells were prepared in a Swagelok-type assembly, as this set-up provides a slightly
higher stack pressure, even though small, than for a coin cell.

The results for galvanostatic cycling of the symmetric cells at 60 °C are displayed in Fig. 4.21,
where it is possible to observe the reversibility of Li plating/stripping for 108 cycles with a flat

polarisation (no side reactions can be observed) in all different cells used for this study.
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Figure 4.21 Galvanostatic cycling profiles at 60 °C with a current density of 25 and 50 uA cm™? for 1 h
in each direction of a Li/a-LiB11H14:(H20)./Li coin cell (grey), Li/LE/a-LiB11H14:(H20),/LE/Li Swagelok-
type cell (black), and Li/IL/a-LiB11H14:(H20)n/1L/Li Swagelok-type cell (red), where LE stands for liquid
electrolyte (1.0 M LiPFg EC/DMC) and IL is ionic liquid (LiB11H14-2H,0).

The results in Fig. 4.21 demonstrate that the overpotential for all cells increases upon cycling,
however the magnitude of the overpotential for the cell with ionic liquid (LiB11H14:2H,0) is
the smallest, being 21 mV after 216 h cycling (48 h at 25 pA cm™? and 168 h at 50 pA cm™)
compared to the cells with a LE (~ 27 mV after 48 h at 25 pA cm™2 and 168 h at 50 pA cm?)
and without an additive in a coin cell (= 55 mV after 48 h at 25 pA cm™2 and 168 h at 50 pA cm”
2). This indicates that in the absence of an effective stack pressure set-up, the use of a

Swagelok-type cell instead of a coin cell and addition of an ionic liquid or liquid electrolyte
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can improve the stability of Li/SSE [17], and that LiB11H14:2H,0 works effectively as a wetting
agent for this purpose.

An endurable time control measurement was performed with a Li symmetric cell of a-
LiB11H14:(H20)n (Li/a-LiB11H1a-(H20)a/Li) to evaluate its chemical stability against Li metal and
to identify its critical current density (CCD). The cell was analysed from 25 to 775 pA cm™ for

30 min sweeps during 5 hours at each current with the step gap of 25 pA cm (Fig. 4.22).
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Figure 4.22 Endurable time control measurement used to identify the critical current density of the
Li/a-LiB11H14:(H20)n/Li symmetric cell at 60 °C from 25 to 775 pA cm™. Short circuit failure happens at
775 uA cm?, therefore the CCD is determined to be 750 pA cm™.
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The voltage increases with increase of current density, however no major changes can be
detected during cycling at each current. Polarisation can be observed as the current density
reaches 500 pA cm, which might be attributed to an increased contact loss between Li/SSE
that occurs during lithium striping/plating leading to enhanced interfacial resistance [83]. A
short circuit can be identified at the current density of 775 pA cm2, which determines the
CCD to be 750 pA cm2 at 60 °C. This is a similar result to what is observed for Ga-doped
Li;LasZr,012 (700 pA cm? at 27 °C) [55] and higher than what was estimated for
Li2(B11H14)(CB11H12) (160 pA cm2at 60 °C) [32].

The electrode/electrolyte interfacial resistances (Rse) for the systems Li/lL/a-
LiB11H14:(H20)n/IL/Li and Li/a-LiB11H14:(H20)n/Li were calculated after a 1 hour isothermal
equilibrium at 60 °C based on the fitting of the Nyquist plots (Fig. 4.23) with the equivalent
circuit model (Fig. 4.17A).
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Figure 4.23 Nyquist plots of the Li-symmetric cell (Swagelok-type) for a-LiB11H14:(H20), after 1 hour
stabilisation at 60 °C with (right) and without (left) addition of the ionic liquid (LiB1;H14:2H>0) at the
interface Li/SSE. Data was fitted using the equivalent circuit model (R1+Q1/R2+Wo) presented in Fig.
4.17A.

As the capacitance components for both systems are in the order of 10 F, the value of the
parallel resistance component is attributed to the contact surface resistance [84]. In order to
obtain the final result of interfacial resistance, the resistance is divided in half, as both
interfaces are equivalent, and normalised by the surface area [4,35,84,85]. The results are

presented in Table 4.4.
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Table 4.4 Interfacial resistance for the systems Li/IL/a-LiB11H14:(H20),/IL/Li (IL = LiB11H14:2H,0)

and Li/a-LiB11H1a:(H20),/Li and circuit component values R1 and R2 from Nyquist plots shown

in Fig. 4.23.
System R1(Q) R2(Q) Rsei (Q cm?)
Li/SSE/Li 30.8 £ 0.7 311+ 21 44+ 0.3
Li/IL/SSE/IL/Li 5254+0.5 2571+ 1.5 3.6 +0.2

The interfacial resistance was calculated to be 3.6 Q cm?(+ 0.2) for the system containing
ionic liquid and 4.4 Q cm? (+ 0.3) for the system with bare SSE/Li. Even though the initial
difference in interfacial resistance is small, over time and with the application of a current,
the overpotential (and thus interfacial resistance) increases at a higher rate for the system
that does not contain a wetting agent and is assembled in a coin cell (Fig. 4.21). Despite the
growth in interfacial resistance seen in Fig. 4.21 the magnitude of interfacial resistance is still
small [12], which makes a-LiB11H14:(H20), coupled with LiB11H14:2H,0 promising materials for

lithium ion technology applications.

4.3.4 Battery Test

The electrochemical properties of a-LiB11H14:(H20), as a solid-state electrolyte (SSE) were also
evaluated in a solid-liquid hybrid battery with a mixture of TiS, (active cathode material with
a high electronic conductivity) with the SSE as a cathode, Li metal as the anode, and a coating
of a drop of LE (1.0 M LiPFs EC/DMC) on the side of Li/SSE to reduce interfacial resistance (Fig.
4.24A). Titanium disulphide is a known solid cathode material with a layered structure that
has the ability to favourably intercalate and store Li ions with minor lattice expansion [86—
88]. Moreover, it presents high electronic conductivity, low weight and relatively low cost,
which makes it suitable for battery studies [86—88]. With the superionic conductivity
exhibited by a-LiB11H14:(H20), at 60 °C (1.2 x 102 S cm™), this temperature was selected to
perform all battery tests. The cell Li/LE/a-LiB11H14:(H20)n/a-LiB11H14:(H20),+TiS2 was cycled at
different C-rates, from 0.05 to 0.4 C (1 C = 239 mA g!) in the voltage range 1.7 — 2.5V, and
reversible charge-discharge profiles can be observed (Fig. 4.24B). The C-rate is here defined
as nC, in which the current fully discharges and charges the battery in 1/n hours. The discharge
capacity in the first cycle was 190 mAh g, which corresponds to 79% of the theoretical

gravimetric energy storage capacity of TiSz (239 mAh g), the same observed when using
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Li2(B11H14)(CB11H12) as an SSE [32]. With the increase of C-rate from 0.05 C by 2, 4, 6 and 8
times, the capacity retention of the battery dropped to 72, 69, 67 and 65%, respectively (Fig.
4.24C), which is expected, as there is an increase in current density. The battery was then
cycled 50 more times at the highest C-rate (0.4 C = 95.6 mA g?) (Fig. 4.24D), and the cell
retained 83% of its capacity shown in the first cycle at 0.4 C (156 mAh g1), which corresponds
to a retention of 68% of the first discharge capacity obtained at 0.05 C (190 mAh g!). Fig.
4.24E shows that similar discharge capacity of 200 mAh g was obtained at 0.1 C in the first
cycle, and the cell retained 84% of this initial capacity after 5 more cycles at 0.1 C. At the 7
cycle, C-rate was doubled, and a slight drop of specific capacity occurred, which is expected
with C-rate increase. After 60 cycles at 0.2 C, the cell retained 82% of its capacity from its first
cycle at this C-rate (162 mAh g1). A similar result is observed for the battery containing the
SSE composite LiBHs-MgO, which holds more than 80% capacity after 65 cycles at 60 °C,
however at the lower C-rate of 0.05 C [4]. The retained capacity obtained here is slightly lower
than the one observed for a Li(B11H14)(CB11H12) SSE, which exhibits a retention capacity of
84% (from the 6% cycle) after 100 cycles [32]. Nevertheless, it is important to highlight that
the experiment with Liz(B11H14)(CB11H12) was conducted with a continuous stack pressure to
the cell [32]. Cycling causes morphological changes at the interface of the
electrode/electrolyte, which leads to loss of contact and reduces the performance and
stability of a solid-state battery [4,80]. The addition of the liquid electrolyte between Li and
SSE reduces its interfacial resistance but it still does increase upon cycling. When high external
pressures are applied to the cell, more contact can be maintained between
electrode/electrolyte that may be more effective than just adding a wetting agent to the
interface [89]. Fig. 4.24E also shows that the cell of Li/LE/a-LiB11H14:(H20)s/a-
LiB11H14:(H20),+TiS; exhibited a Coulombic efficiency of ~ 98% during the first 6 cycles, and it
slightly increased to 99% after shifting to a higher C-rate, keeping this Coulombic efficiency

for the rest of the experiment.
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Figure 4.24 A) Schematic representation of the solid-state battery Li/LE/a-LiBi1H14:(H20)n/a-
LiB11H14:(H20)n+TiS; in @ Swagelok-type cell. B) Discharge/charge profiles at 0.05, 0.1, 0.2, 0.3 and 0.4
C (1.7 -2.5V) at 60 °C. C) Capacity retention at different C-rates. D) Discharge/charge profiles at 0.4
C for 50 cycles at 60 °C after being initially cycled at 0.05, 0.1, 0.2 and 0.3 C. E) Coulombic efficiency

and discharge specific capacity at 0.1 C for the first 6 cycles and at 0.2 C from the 7*" to the 65" cycle.
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A battery of Li/IL/a-LiB11H14:(H20)n/IL/a-LiB11H14:(H20),+TiS2 was also prepared (IL instead of
LE wetting agent) and had its electrochemical properties evaluated in the same way as the
cell containing LE. Based on the results presented in Fig. 4.25, it is possible to observe
reversible charge-discharge cycling and that the discharge capacity in the first cycle at 0.05 C
(194 mAh g) was similar to the one observed for the cell with LE. This corresponds to 81% of
theoretical capacity of TiSz2 (239 mAh g?). However, the increase of C-rate from 0.05 C by 2,
4, 6 and 8 times causes the capacity retention of the battery to drop to 59, 46, 39 and 34%,
respectively (Fig. 4.25B), which indicates a much lower performance than when the battery is
prepared with the addition of LE (Fig. 4.25C). When the cell is cycled only at 0.4 C (Fig. 4.25D),
its discharge capacity in the first cycle was 186 mAh g, which corresponds to 78% of the
theoretical capacity of TiSz (239 mAh g1), and it drops to 63 mAh gin the 50t cycle, which
means that the capacity retention was only 34% from its first cycle.

The addition of LiB11H14:2H,0 at the interface of SSE/Li is a good strategy to reduce interfacial
resistance and overpotential during cycling (Fig. 4.21), however it does not improve the
performance of the battery as much as a traditional LE wetting agent when TiS; is used as the
cathode (Fig. 4.25). This may be related to some instability or reactivity between
LiB11H14:2H,0 and TiS,, but other types of cathode materials, such as sulphur [35] or oxide
cathodes [27,84,90], should be investigated to analyse their suitability. The preparation of a
cell with the application of LiB11H14:2H20 only at the SSE/Li interface should also be assessed.
Surface chemistry analyses should also be conducted to assess the interface Li/SSE after
lithium striping/plating. Experiments to improve the battery performance of a-LiB11H14:(H20)
should be considered for further studies with the application of a stack pressure combined
with the use of an ionic liquid or liquid electrolyte in the interface SSE/Li and SSE/cathode.
This would increase the interfacial contact and hence aid capacity retention. Further research
on the application of a-LiB11H1a:(H20), with the use of sulphur as the cathode, for example,
should also be considered due to the increased energy density (1672 mAh g*) and applicable

working voltage (2.1 V vs. Li*/Li) [35] of this electrode with a-LiB11H1a:(H20), as SSE.
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Figure 4.25 A) Schematic representation of the solid-state battery Li/IL/a-LiB11H14(H20)./IL/a-
LiB11H14:(H20),+TiS; in a Swagelok-type cell. B) Discharge/charge profiles at 0.05, 0.1, 0.2, 0.3 and 0.4
C (1.7 — 2.5 V) at 60 °C. C) Capacity retention at different C-rates compared to the cell of Li/LE/a-
LiB11H14:(H20)n/a-LiB11H14:(H20),+TiS,. D) Discharge/charge profiles at 0.4 C for 50 cycles at 60 °C.

4.4 CONCLUSION

A low cost synthesis of hydrated and anhydrous LiB11H14 salts is presented. It was observed
that the salt LiB11H14-2H,0 consists of a new class of ionic liquid, as it melts at ~ 70 °C. The
sample a-LiB11H14:(H20), undergoes a polymorphic phase transition at the same temperature
and assumes a HT polymorph with a cubic /a3d space group and superionic conductivity (3.2
x 102S cm™at 70 °C). Hence, the water content in the LiB11H14 salt seems to be a good strategy
to tune the thermal and ionic conductivity properties. a-LiB11H1a:(H20), also shows an
oxidative stability limit of 2.8 V against Li*/Li and reversible Li plating/stripping for at least 216

hours cycling.
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The material LiB11H14:2H,0 worked effectively as an ionic liquid additive to the interface
between lithium and solid state electrolyte at 60 °C in a Swagelok-type cell as it significantly
reduced the magnitude of the overpotential (and thus interfacial resistance) upon cycling.
However, it was not enough to completely resolve the overpotential issue during lithium
striping/plating. Further optimisation is required, such as the application of an external
pressure to increase interfacial contact, for future SSE research. The use of LiB11H14:2H;0 as
anionic liquid in the interface SSE/electrode did not demonstrate good performance with TiS;
as a battery cathode. However, its application should be investigated against other types of
cathode materials and electrolytes. The use of the liquid electrolyte 1.0 M LiPF¢ EC/DMC (v/v
= 50/50) as a wetting agent in the solid-liquid hybrid cell was more efficient and exhibited
good performance.

Despites the high temperature required (60 °C) for the use of a-LiB11H1a:(H20), as SSE, the
promising features this salt exhibits, such as, liquid-like ionic conductivity, relatively high
oxidative stability limit vs. Li metal, cyclability against Li metal anode and TiS; cathode, and a
facile low cost synthesis, make it an important contribution for future hydridoborate SSE
research. The variation of water content in the crystal structure can also be considered a novel
strategy to tune ionic conductivity properties and to perhaps obtain a SSE with enhanced
properties at RT in the future. The application of a liquid electrolyte or an ionic liquid at the
interface SSE/electrode with the use of an apparatus that provides an external pressure
seems to be a good strategy to increase performance of the battery with a-LiB11H14:(H20), as

SSE.
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ABSTRACT

Solid-state sodium batteries have attracted great attention owing to their improved safety,
high energy density, large abundance and low cost of sodium compared to current Li-ion
batteries. Sodium-boranes have been studied as potential solid-state electrolytes and the
search for new materials is necessary for future battery applications. Here, a facile and cost-
effective solution-based synthesis of Na;B11H1s and Nai11(B11H14)3(B11H13)a is demonstrated.
Na2B11H13 presents an ionic conductivity in the order of 1077S cm™ at 30 °C, but undergoes an
order-disorder phase transition and reaches 1073S cm™ at 100 °C, close to that of liquids and
the solid-state electrolyte Na-8-Al;0s. The formation of the mixed-anion solid-solution,
Nai1(B11H14)3(B11H13)s, partially stabilises the high temperature structural polymorph
observed for NazBi1Hi3 to room temperature and it exhibits Na* conductivity higher than its
constituents (4.7 x 10 S cm™ at 30 °C). Na2B1:Hi3 and Nai1(B11H14)3(B11H13)a exhibit an

oxidative stability limit of 2.1 V vs. Na*/Na.

5.1 INTRODUCTION

Hydridoborate compounds have attracted the interest of researchers in the past decades due
to their rich chemistry and variety of compositions and structures [1,2]. These compounds
have shown applicability in a number of different fields, such as medicinal chemistry [3],
military [4], organic synthesis [5,6], hydrogen storage [7-9] and as ionic conductors [10,11].
Closo-boranes, negatively charged hydridoborate clusters with a cage-like structure, form
metal salts with high chemical and thermal stability as well as superionic conductivity of their
respective metal cations at high temperatures [12—-15]. Generally, these compounds undergo
an order-disorder polymorphic phase transition at a specific temperature, which results in
fast anion reorientational dynamics and high cation mobility [16,17]. Several attempts to
improve the performance of hydridoborate salts as solid-state electrolytes at room
temperature have been reported, such as chemical modification of the anion [12,15,18],
mechanical-induced modification [19-21], and anion mixtures with other borane compounds
[22-24] or metal oxides [25,26]. These strategies seem to create defects into the structure
and/or stabilise the disordered high temperature polymorph to room temperature, which
increases the ionic conductivity of the material [21,22]. Recently, nido-boranes, boron anions
with a nest-like open-cage structure, have also been investigated as potential solid-state

electrolytes due to their high ionic conductivity properties at room temperature [11,27-29].
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The use of inorganic salts, such as metal boranes, as solid electrolytes seems to be an
attractive choice for the development of solid-state batteries, which promise high energy
storage capacity, durability and safety, with the elimination of the flammable organic liquid
electrolyte used in current generation Li-ion batteries [16,30]. The energy density of a battery
cell can be increased with the use of solid electrolytes, as they can be more compatible with
alternative electrode materials, e.g. pure lithium or sodium metal [30,31]. Lithium-ion
batteries are one of the most common types of energy storage technology, and they are used
in a variety of electronic devices. However, the increasing use of lithium will limit its
availability and raise its cost, which makes it necessary to search for alternative metal-ion
battery technologies [32]. This is exemplified by the recent = 500% increase in Li metal prices
in a single year, due to rapidly rising electric vehicle demand [33]. Moreover, a conservative
lithium consumption forecast, based only on the increasing demand from electric vehicles,
shows that the lithium reserve on land will be totally consumed in about 60 years [34].

It has been observed that certain sodium borane salts exhibit even higher ionic conductivities
than their lithium borane analogues at room temperature [11,15,27]. Na-batteries are being
actively investigated as sodium metal is more abundant than lithium, has a lower cost, and
presents a suitable standard half-cell potential (-2.71 V vs. standard hydrogen electrode)
[32,35,36]. Current sodium-sulphur (Na-S) batteries operate with molten electrodes using a
solid-electrolyte, sodium B-alumina (NaAl11017) [37]. However, operation is required to occur
at high temperatures (300 — 350 °C), which incurs safety issues, limits scalability, and presents
higher operating costs. Some of the difficulties surrounding the implementation of room
temperature Na-S batteries can be avoided by searching for a solid-state alternative to
problematic liquid electrolytes [37,38]. Due to the promising properties observed for some
sodium nido-boranes as solid-state electrolytes [11,27,29], the synthesis and characterisation

of NayB11H13 is investigated, as well as the mixed-anion solid solution Na11(B11H14)3(B11H13)a.

5.2 EXPERIMENTAL SECTION

5.2.1 Chemicals

Sodium borohydride (NaBHs4, anhydrous, 98%), diglyme (CeéH1403, anhydrous, 99.5%), 1-
bromopentane (CsH11Br, 98%), diethyl ether ((C2Hs)20, anhydrous, 99.7%), trimethylamine
hydrochloride ((CHs)sN-HCI, 98%), deuterated water (D20, 99.9 atom % D), sodium (Na lump
in kerosene, 99%), graphite powder (C, 99.9%), tetrahydrofuran (THF, with 250 ppm BHT,
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99%), sodium hydride (NaH, 90%), sodium hydroxide (NaOH, 98%) and platinum foil (Pt,
99.95%, thickness 0.1 mm) were all purchased from Sigma-Aldrich. Gold foil (Au, 99.95%,
thickness 0.1 mm) was obtained from Alfa Aesar, and acetone (CsHe0, 99.5%) from Unilab. To
maintain an inert atmosphere, all chemicals and samples were manipulated in an argon filled

glovebox (Mbraun, O & H,0 < 1 ppm) or using Schlenk techniques under argon.

5.2.2 Synthesis of mixed anion nido-borane, Nai11(B11H14)3(B11H13)a
The synthesis of Na11(B11H14)3(B11H13)a was achieved through the reaction of (CH3)sNHB11H14

with NaOH, according to reaction 1.

H,0, 100 C

7(CH3)3NH311H14(aq) + 11NaOH(aq) _— Na11(311H14)3(811H13)4<aq) + 7(CH3)3N(g) + 11H20(|) (1)

(CH3)3sNHB11H14 was prepared based on the same methodology described in our previous
work [11]. The trimethylammonium-borane salt was recrystallised prior to use by
solubilisation in a hot aqueous solution of acetone (10% acetone) [39]. The colourless powder
of (CH3)3sNHB11H14 that was obtained was filtered and dried under vacuum at 90 °C before use.
400 mg of recrystallised (CHs)sNHB11H14 (2.1 mmol) was dissolved into 20 mL of an aqueous
solution of 177 mg of NaOH (4.4 mmol, ~ 33% excess), which was then heated at 100 °C for
15 minutes under constant stirring in an open vessel. After cooling back to room temperature,
the solution was filtered, and the filtrate was washed three times with 5 mL of diethyl ether.
The aqueous layer was dried in vacuo at 110 °C overnight, and a solid containing a mixture of
both anions was obtained (0.28 g, 0.24 mmol, 80% yield). No additional step for removal of

excess NaOH or possible by-products was taken.

5.2.3 Synthesis of disodium nido-tridecahydroundecaborane, Na;B11Hi3
The synthesis of NazB11H13 was achieved based on reaction 2, an adapted procedure proposed

by Pecyna et al. [40] that was originally used to prepare (C2Hs)aNCB11H12.

THF
(CH3)3sNHB11H14(so) + 2NaH(s) — Na2B11H13(s) + (CH3)3Ng) + 2H2(g) (2)

0.11 g of NaH (4.6 mmol) was mixed with 5 mL of THF under argon in an ice bath. Under
constant stirring, 5 mL of a THF solution containing 250 mg of recrystallised (CH3)sNHB11H14

(1.3 mmol) was added slowly and left stirring for 15 minutes at 0 °C and for 30 minutes at
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room temperature. The mixture was filtered, and the filtrate was dried in vacuo at 40 °C for 2

hours, which yielded a white powder of Na2B11H13 (0.17 g, 0.9 mmol, 73% yield).

5.2.4 Characterisation

5.2.4.1 Nuclear Magnetic Resonance (NMR) Spectroscopy

Powdered samples were characterised through !B (128 MHz) solid-state NMR spectroscopy
with a Varian VNMRS 400 NMR spectrometer at room temperature. The samples (= 30 mg)
were ground using a mortar and pestle and packed inside a 4 mm zirconia rotor in an argon
filled glovebox and sealed with a gas-tight insert. The samples were spun at 5 kHz, and
acquisition was performed with proton decoupling and a one pulse sequence, with a
relaxation delay of 10 s for a total of 50 transients.

Solution-state NMR spectroscopy was also used to characterise samples with a Bruker Avance
[l 400 MHz NanoBay spectrometer. 'H: 400 MHz, 1!B: 128 MHz, 'B{*H}: 128 MHz NMR data
were collected after dissolution of the solids in 600 pL of deuterated water (D20). The !B
NMR spectra were referenced to a boron trifluoride etherate (BF3O(C;Hs)2) external standard,

and the 'H NMR spectra were referenced to a tetramethylsilane (Si(CHs)4) external standard.

5.2.4.2 X-Ray Powder Diffraction (XRPD)

X-Ray Powder Diffraction (XRPD) data were acquired by employing a Bruker D8 Advance
Powder Diffractometer with a Cu Kq radiation source (A = 1.54056 A) operated at 40 kV/40
mA with a LynxEye detector in the 20 range of 5 — 60°. The samples were ground using a
mortar and pestle in an argon filled glovebox, mounted on a single-crystal Si low background
sample holder and sealed with an airtight poly(methyl-methacrylate) (PMMA) dome under
argon to prevent air exposure during data collection. The use of the dome results in two broad

diffraction halos at low angle.

5.2.4.3 Synchrotron X-Ray Powder Diffraction (SR-XRPD)

The sample NaBii1Hi3 was characterised using Synchrotron Radiation X-Ray Powder
Diffraction (SR-XRPD) at the Australian Synchrotron Powder Diffraction beamline (A =
0.590827(4) A) and refined using a NIST LaBs 660b line position standard. The solid was
ground using a mortar and pestle and packed inside a 1.0 mm borosilicate capillary inside an

argon filled glovebox, which was then flame-sealed. A Mythen Il microstrip detector was used
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to collect the data at two positions from 1°— 81° 21 (0.0038° steps) [41], which were merged
into gap-free data sets. In-situ SR-XRPD experiments were performed under heating (AT/At =
5°Cmin~?!) and cooling (AT/At = 6 °C min~t) from 30 — 230 — 30 °C, which was controlled by an
Oxford Cryosystems Cryostream Plus using a 60 s data collection time for each scan.

Rietveld refinement of diffraction patterns was conducted using Bruker TOPAS software
(version 5) [42], and reported uncertainties are based on mathematical fitting uncertainty in
the TOPAS software. Refinements were conducted by Le Bail method for the identification of

phases, but no atomic information was used.

5.2.4.4 Differential Scanning Calorimetry and Thermogravimetric analysis (DSC/TGA)

Thermal behaviour was analysed using a Netzsch STA 449 F3 Jupiter DSG/TGA. The powders
were ground with a mortar and pestle inside an argon filled glovebox, and approximately 5
mg of each sample was mounted inside an Al crucible and crimp-sealed with a lid. The lid was
pierced (~ 10 seconds prior to analysis), and the crucible was transferred to the Pt furnace,
which was evacuated and filled with argon (40 mL min?). The data were obtained from 40 —
350 °Cat 10 °C min~t. The sample NazBi11H13 was also analysed under heating and cooling from
40 — 220 — 40 °C under the same conditions already described. The temperature and
sensitivity of the DSC/TGA was calibrated using In, Zn, Sn, Bi and CsCl reference materials,

resulting in a temperature accuracy of + 0.2 °C, while the balance has an accuracy of + 20 pg.

5.2.4.5 Electrochemical Impedance Spectroscopy (EIS)

Solid-state ionic conductivity measurements were collected as a function of temperature by
using a ZIVE SP1 electrochemical workstation at 100 mV AC from 10 Hz to 1 MHz at RT (room
temperature) and isothermally after heating with 50 minutes of thermal equilibrium at each
10 °C temperature step. Na;Bi11Hiz was analysed from 30 — 200 °C, and 30 — 170 °C for
Nai11(B11H14)3(B11H13)a. The samples were ground with a mortar and pestle inside an argon
filled glovebox, and approximately 30 mg of each sample was pressed into pellets (6 mm
diameter) at 700 MPa between two gold foils (0.1 mm thickness). They were sealed within an
air-tight ‘Swagelok-type’ Teflon cell with 316 stainless steel electrodes. The temperature was
recorded using a K-type thermocouple, which was placed * 5 mm from the pellet inside a
sealed tube furnace. The Nyquist plots at low temperature were fitted using the equivalent

circuit model (R:+ Qi1)/(R2 + W,), in which R; is the internal resistance, Rz the charge transfer
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resistance, Qs is the constant phase element and W, is the Warburg element to obtain the
impedance of the pellet [43]. At high temperatures, due to the absence of the semi-circle at
high and intermediate frequencies, the pellet impedance was determined through the
intercept of the linear spike with the x-axis in the Nyquist plots [43].

Solid-state ionic conductivity data (o) were determined from: o = d/IA, where o is the ionic
conductivity in Scm™, dis the pellet thickness in cm, /is the x-intercept of the Nyquist blocking
tail (pellet impedance), and A is the area of the pellet face in cm?.

The activation energy of each material was determined from the slope of the solid-state ionic
conductivity plot between 30 — 50 °C for LT (low temperature) NazBi1H13, 170 — 190 °C for HT
(high temperature) Na;B11H13 and 30 — 80 °C for Na11(B11H14)3(B11H13)a using the logarithm of
the Arrhenius equation: In gion = In 06 — (Ea/KsT), Where o, is a pre-exponential factor (S cm™?),
E. the activation energy (J), Ks Boltzmann’s constant (1.3806 x 10722 ) K™!), and T the

temperature (K) [11,44].

5.2.4.6 Linear Sweep Voltammetry (LSV)

A mixture of 75(SSE):25(graphite), where SSE = NazBiiHiz or Naii(B11Hia)3(B11H13)a was
prepared by grinding in @ mortar and pestle repeatedly until a fine mixture was obtained.
Graphite was previously dried under vacuum at 550 °C for 12 hours to remove any moisture
or volatiles. 2.5 mg of that mixture was layered on top of 28 mg of SSE and pressed at 700
MPa to form a pellet that was sandwiched between aluminium, platinum and sodium foil in
the following configuration (Al/Pt/SSE+C/SSE/Na), which was then sealed within an air-tight
‘Swagelok-type’ Teflon cell with stainless steel electrodes. LSV was conducted from 1.4 — 6.0
V at 30 °C with a scan rate of 50 puV s™*. The oxidative stability voltage limit of each sample
was determined from the intersection point of the regression lines (R? > 0.99 ) fitted to the

background and anodic currents in the voltammogram following a known method [45].

5.3 RESULTS AND DISCUSSION
5.3.1 Sample characterisation
Solid-state 1B MAS NMR spectroscopy was used to identify the composition of each material
synthesised in the powdered state (Fig. 5.1). NaB11H14:(H20)s, reported in our previous work

[11], was also characterised and added for comparison.
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Figure 5.1 Solid-state 'B MAS NMR spectra of NaB1;H14:(H20),, Na11(B11H14)3(B11H13)a and Na,Bi1Hiz at
room temperature. 6 (B11H14”) = -15.2 and -17.9 ppm, and & (B11H13%") = -21.5 and -32.2 ppm.

The resonances at §''B -15.2 and -17.9 ppm are assigned to B11H14™ [29], whereas B11H13* is
represented by the signals at 6*'B -21.5 and -32.2 ppm [11]. B11H13%™ resonances cannot be
observed in the spectra of hydrated NaBi1iHi4 samples, and there is no apparent signal of
B11H14™ in the sample of Na;B11H13. The asymmetry of the main peak in the Na;B11H13 pattern
(6B -21.5 ppm) may indicate that some NaBi1H14 could exist in that powder, however an
analysis of solution-state !B NMR of Na;B11H13in D20 also does not show any presence of

Bi1H14™ peaks (Fig. 5.2).

184



Naq4(By1Hq4)3(By1H13)s Na;(B11H4)3(By4Hy3),

> =]
S © N
VN — -~
=) Py
2 | NaB,H,, 2 Na,B,;H,;
2 o)
c =
| (S
40 20 0 -20 40 40 20 0 -20 -40
~ 11 ~
5"'B (ppm) 5 "B{"H} (ppm)

Figure 5.2 !B NMR (left) and *B{*H} NMR (right) spectra (128 MHz) of Nai1(B11H14)3(B11H13)s and
Na,Bi1Hi3in D,0 at room temperature. § (B11Hi4) =-15.1, -16.2 and -17.3 ppm, and 6 (B11H13*) =-20.6
and -31.8 ppm. The peak observed at the resonance 14.6 ppm for Na11(B11H14)3(B11H13)4 is assigned to

a boron oxide species formed as a by-product.

The only material that shows the presence of both anions in the solid-state is
Na11(B11H14)3(B11H13)s, which consists of 0.75 mol of B11Hi4"to 1 mol of B11H13?~ based on the
integration of the solid-state NMR resonances. However, it is interesting that when
Na11(B11H14)3(B11H13)a is dissolved in D20 and analysed through solution-state !B NMR, the
integration of the NMR signals provides a composition of 0.13 mol of Bi1H12™ to 1 mol of
B11H13%™ (Fig. 5.2). The observation of less B11H14™ in the solution-state !B NMR spectrum of
Na11(B11H14)3(B11H13)a could be due to the deprotonation of this anion into Bi11Hi3%™ in an
alkaline medium as follows [11,28]:

B11H147(aq) + OH (aq) 2 B11H13% (aq) + H20y) (3)

During synthesis, excess NaOH was not specifically removed, which could remain to some
degree within the solid product, however the XRPD pattern for Na11(B11H14)3(B11H13)4 (Fig. 5.3
& 5.4) does not show any presence of unreacted NaOH, which instead suggests the formation
of an amorphous sodium borate, which could be alkaline on dissolution [46-48]. The
diffractogram of Na;B11H13 also does not show any presence of unreacted NaH (Fig. 5.3 & 5.4),
which implies that all the excess starting material used was successfully removed through

filtration.
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Figure 5.3 XRPD pattern (A = 1.54056 A) for Nai11(B11H14)3(B11H13)s, Na2B11Hiz and NaBiiHia:(H,0), [11]

(added for comparison) at room temperature. Asterisk at 26 = 31.8° in the NaBi1H14:(H,0), pattern

represent inadvertent NaCl contamination from synthesis [11].
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Figure 5.4 XRPD pattern (A = 1.54056 A) for Nai11(B11H14)3(B11H13)s and Na,B11H13 at room temperature
and simulated diffraction lines for NaOH [49] and NaH [50] that were obtained from the
Crystallography Open Database (COD) [51-56]. Data show that there is no evidence for remanent
crystalline NaOH in the sample of Naii(Bi1H14)3(B11H13)s, neither remanent crystalline NaH in the

Na2Bi11Hi13 powder.

The possibility of alkaline aqueous solutions upon dissolution of Nai1(B11H14)3(B11H13)4 can be
elucidated by analysing the NMR data in more detail. Solid-state !B MAS NMR spectroscopy
of Nai1(B11H14)3(B11H13)a (Fig. 5.5) shows the presence of small resonances at = +1 ppm and
between +10 and +22 ppm, which represent BO4 and BOs units, respectively, of an inorganic

borate [57-59], e.g. hydrated sodium metaborate, NaB(OH)4 [47,60,61].
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Figure 5.5 Solid-state !B MAS NMR spectra of Naii(Bi1H1a)s(B1:H13)s at room temperature with
magnified region from 30 to -5 ppm. 6 (B1:H147) = -15.2 and -17.9 ppm, & (B1:H13*) = -21.5 and -32.2
ppm. The peaks observed between 10 and 22 ppm, and the peak at = 1 ppm are assigned to a boron

oxide species (by-product) formed with BO3; and BO,4 units, respectively [57-59].

It has been reported that the reaction of (CH3)sNHB11H14 with a metal hydroxide in aqueous
solution under heating yields boric acid as a side product [11]. Sodium metaborate can then
be formed by the reaction of boric acid with excess NaOH [62,63]. In aqueous solution,
NaB(OH)a dissociates, releasing NaOH and yielding a solution with a high pH, which induces
deprotonation of Bi1Hi4~into B11H13% (reactions 3 and 4) [11,28,62,63], and formation of boric
acid, which is observed in the 1B solution-state NMR of Na11(B11H14)3(B11H13)4 in D2O at 14.6
ppm (Fig. 5.2).

NaB(OH)4(aq) 2 NaOHaq) + H3BO3(aq) (4)

As such, it is postulated that Nai11(B11H14)3(B11H13)s contains some quantity of NaB(OH)a (= 8
mol% based on integration of the MAS NMR resonances), or a derivative thereof, that only
affects the structure of the undecaborane upon aqueous dissolution. It should be highlighted
that it is critical to characterise nido-borane anions through solid-state !B MAS NMR, as the
results of solution-state NMR can be misleading due to possible side reactions upon
dissolution. This has also been a problem identified in NMR studies of higher boranes formed

during metal borohydride decomposition [64]. The specific issue faced with impurities in
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Nai11(B11H14)3(B11H13)a may also be solved by the removal of the inorganic borate from
solution, however, in the case of Nai1(B11H14)3(B11H13)s, the separation of a borate species
from a sample that contains Na;B11H13 can be challenging as both have strong polar features
and similar solubility properties in polar and apolar solvents. Prior to drying, the aqueous
solution of Na11(B11H14)3(B11H13)a was washed three times with diethyl ether, as an attempt
to remove impurities and isolate both anions, Bi11Hia~ and BiiHi3%", from the medium.
However, upon drying the aqueous layer, a solid was obtained that was a mixture of both
anions and the inorganic borate.

The 'H solution-state NMR of NazB11H13 in D20 shows the presence of THF (Fig. 5.6), which
accounts for only 0.15 mol of THF to 1 mol of Na;B11H13 based on the integration of the NMR
resonances. The multiplets at 1.7 and 3.6 ppm represent the resonances of CH, and CH,0
from THF, respectively [65,66], and those between -0.6 and 1.5 ppm were assigned to
B11H13%> NazBiiHis was only briefly dried at 40 °C during synthesis to avoid unwanted

decomposition, which may allow some THF to remain coordinated to the dried solid.
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Figure 5.6 'H NMR spectrum (400 MHz) of Na,Bi;Hi3 in D;0. 6 (D,0) = 4.6 ppm [66], 6§ (THF) = 1.7 and
3.6 ppm [65,66], and & (B11H13*) = -0.6 — 1.5 ppm.
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NazB11H13 was also analysed through in-situ SR-XRPD and DSC (Fig. 5.7), and it can be seen
that a polymorphic phase transition occurs at ~ 170 °C upon heating (endothermic) and 90 °C

on cooling (exothermic).
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Figure 5.7 Left: In-situ SR-XRPD data (A = 0.590827(4) A) of Na,B11H:3 during heating (5 °C min~t) and
cooling (6 °C min™Y). A reversible polymorphic phase transition is seen at ~ 170 °C on heating and 90
°C on subsequent cooling. Red line represents temperature. Right: DSC plot (AT/At = 10 °C min™, Ar

flow = 40 mL min™!) for Na,B11H13 upon heating and cooling between 40 and 220 °C.

Another endothermic event, between 60 - 90 °C, can be identified during heating in the DSC
(Fig. 5.7) and DSC/TGA (Fig. 5.8) plots with a subsequent mass loss of 5.5(2) wt%, which
accounts for the release of residual coordinated THF. This mass loss is in close agreement with
the amount of THF that was calculated through integration of the *H NMR peaks (Fig. 5.6),
which corresponds to 0.15 mol of THF to 1 mol of NazBiiHi3. A mass loss of 3.1(2) wt%
observed between 320 and 340 °C (Fig. 5.8) is assigned to the decomposition of the sample,
commensurate with a large exothermic feature. The decomposition temperatures of other
nido-boranes, such as LiB11H14:(H20),, NaBiiHi4:(H20), and KBi1iHis have already been
identified to be ~ 210 °C with a sharp exothermic peak in their DSC/TGA plot coupled with

hydrogen release [11].
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Figure 5.8 DSC/TGA measurement for Na;Bi1H13 in the temperature range 50 — 350 °C. Approximately
5 mg of sample was used for the analysis (AT/At = 10 °C min™?, Ar flow = 40 mL min™2). A mass loss of

5.5(2) wt% is observed between 80 and 220 °C and 3.1(2) wt% between 220 and 340 °C.

Solution-state 'H NMR spectroscopy of Na;Bi1H13 after DSC/TGA, in which the sample was
heated to 220 °C and cooled back to room temperature, reveals that THF resonances are no
longer detected (Fig. 5.9). However, the 1B NMR spectrum does reveal a 5 mol% impurity of

Bi1H14™ that is present after heating.
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Figure 5.9 Left: *H NMR spectrum (400 MHz) of Na,B11His in DO after a DSC/TGA experiment heated
to 220 °C. 6 (D,0) = 4.6 ppm [66], and & (B1:H13%) = -0.6 — 1.5 ppm. Right: !B {*H} NMR spectrum (128
MHz) of the same sample in D;0. & (B11H14) =-15.3, -16.2 and -17.3 ppm, and & (B1:H13%) = -20.6 and -
31.7 ppm [11].
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Fig. 5.10 shows select SR-XRPD diffractograms of Na,B11H13 at different temperatures during
and after heating. No major differences can be observed between the diffractogram at 30 °C
(before heating) and after the minor THF release. This implies that the small amount of THF
detected in the sample (0.15 mol of THF to 1 mol of Na>B11H13) could be solvent adsorbed to
the powder, or that the material is composed of a mixture of Na2B11H13 and NazB11H13:(THF)x.
The THF is considered a small impurity, and the sample is here called Na;B11H13. Samples of
NazBi1H13 can then be prepared THF free by desolvating the powder under vacuum at slightly

higher temperatures than the one here adopted (40 °C) without its decomposition.
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Figure 5.10 SR-XRPD patterns (A = 0.590827(4) A) for Na,B11H13 at 30 °C BH (before heating), 30 °C AH
(after heating), 140 °C and 200 °C (during in-situ heating experiment).

At 200 °C, NazB11H13 has completely undergone a polymorphic phase change, assuming a
disordered body-centered cubic (bcc) structure, indexed in Pm3n with a = 7.955(1) Aand V =
503.32(2) A3 (Fig. 5.11). This is the same symmetry observed for the high temperature
NazB12H12, which undergoes the first polymorphic transition near 257 °C [67]. After cooling
from 220 °C to 30 °C after heating, the SR-XRPD (Fig. 5.10) shows that the HT polymorph is
only metastable and is predominantly transformed back into the original structure, with a

minor portion of the Pm3n phase remaining, as seen in Figs. 5.7 & 5.10.
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Figure 5.11 SR-XRPD (A = 0.590827(4) A) and Rietveld refinement of Na,BiiHi3 at 200 °C (heating).
Experimental data as black line, calculated diffraction pattern as red line, and difference plot in grey.

Blue tick marks represent Bragg position from space group Pm3n. Rup = 2.93%.
Interestingly, there are similarities in the room temperature diffraction patterns of Na2B11H13

after heating and Nai11(B11H14)3(B11H13)s, with the three main diffraction peaks located at Q =
1.05, 1.13 and 1.17 Atin both diffractograms (Q = (4rsin9)/A, Fig. 5.12).

193



113 A7 Na,B,,H, at 200 °C

Na;y(B44Hy,)5(B44Hy3), at RT

Intensity (a.u.)

Na,B,,H,,; at RT AH

08 12 16 20 24 28
Scattering Vector Q (A™)
Figure 5.12 XRPD pattern (A = 1.54056 A) for Na11(B11H1a)3(B11H13)s at room temperature (blue), and
SR-PXD data (A = 0.590827(4) A) for Na,B11H13 at 200 °C (black) and at room temperature after being
heated to 220 °C (red). Dashed lines at 1.05, 1.17 A™* (RT polymorph) and at 1.13 A™* (HT polymorph)
were added to show the similarities between the diffractograms. The diffractograms were plotted

with the x-axis in scattering vector to compare XRPD results obtained using different wavelengths.

In fact, the cubic Pm3n polymorph, represented by the peak at Q = 1.13 A%, seems to be
present in the diffractogram of both samples, Na;BiiH13 at RT after heating (AH) and
Nai1(B11H14)3(B11H13)a at RT, with greater intensity, relative to the peaks at Q = 1.05 and 1.17
A1, in Na11(B11H14)3(B11H13)a than in NazBi1Has. This is also shown in Fig. 5.13 where the Pm3n
polymorph in NazB11H13 at 200 °C is refined to a = 7.955(1) A and V = 503.32(2) A3 and in
Na11(B11H14)3(B11H13)s at room temperature it is refined to a = 7.983(1) A and V = 487.94(9) A3.
The peaks observed at Q = 1.05 and 1.17 A represent the Bragg reflections from the low
temperature structures of the sodium borane. These data suggest that samples of Na;B11H13
and Nai1(B11H14)3(B11H13)a have some degree of dynamics in their structures at room

temperature, which is enhanced to a greater degree in the mixed anion compound.

194



Na,B,,H,; at 200 °C
Yobs
— YcaI
S —— Diff
S _
> | Pm3n
‘n
C
B
A M
W“r shesormmds ihe
| | | | | | ] [
1.0 15 2.0 25 3.0

Scattering Vector Q (A™)

Na,,(BH;,)s(B41H;3), at RT
Yobs
Ycal
5 —— Diff
Lt | Pm3n
2>
)
[ el
9 ,‘“JL
£
; e o
| | | | | | [ 1 |
1.0 15 2.0 25 3.0

Scattering Vector Q (A™)

Figure 5.13 Top: SR-XRPD (A = 0.590827(4) A) and Rietveld refinement of Na,B1;H1zat 200 °C (heating).
Rwp = 2.93%. Bottom: XRPD pattern (A = 1.54056 A) and partial Rietveld refinement for
Nai1(B11H14)3(B11H13)s at room temperature. Peaks at Q = 1.05 and 1.17 A~! were fitted using simple
peak functions and are not indexed or based on a crystal structure. Rw, = 3.44%. Experimental data,
calculated diffraction pattern and difference plot are shown in black, red and grey, respectively. Blue
tick marks represent Bragg position from space group Pm3n for both samples. The diffractograms
were plotted with the x-axis in scattering vector to compare XRPD results that were obtained using

different wavelengths.
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The DSC/TGA plot for Nai11(B11H14)3(B11H13)4 (Fig. 5.14) shows a subtle endothermic event (=
160 °C) close to the temperature observed for Na;B11H13 (170 °C), which may indicate the
complete transformation to the same Pm3n polymorph seen in Na;B11H13. Based on the XRPD
data (Fig. 5.12), most of the sample Nai1(Bi1H14)3(B11H13)a at RT is already in the Pm3n
polymorph, and it is surmised that the remaining portion of that sample would transition into
this polymorph at 160 °C, which generates a discrete endothermic feature.
Na11(B11H14)3(B11H13)4 also exhibits an exothermic peak at 265 °C with a weight loss of 1.7(4)

wt%, which indicates its decomposition.
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Figure 5.14 DSC/TGA measurement for Naii(Bi1H14)3(B11H13)4 in the temperature range 50 — 350 °C.

Approximately 5 mg of the sample was used (AT/At = 10 °C min™%, Ar flow = 40 mL min™?).

Fig. 5.15 shows a comparison between the DSC results obtained for NaBiiH1a:(H20), [11],
Na11(B11H14)3(B11H13)a and NazB11H13 from 50 — 350 °C. It is possible to observe that samples
containing a larger proportion of BiiHi32", rather than Bi1iHis, exhibit a higher thermal
stability, with elevated temperatures for their exothermic decomposition. This may be due to

the fact that salts of Na;B11H13 present higher lattice energy than salts of NaB11H14 [68,69].
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Figure 5.15 DSC plOtS for NaB11H14'(H20)n,[11] Na11(B11H14)3(B11H13)4 and Na;Bi;Hi3 from 50 — 350 °C.
Approximately 5 mg of each sample was used (AT/At = 10 °C min™%, Ar flow = 40 mL min™). The

exothermic event occurs at a higher temperature as the Bi1Hi4” content in the sample decreases.

5.3.2 Electrochemical Analysis

The solid-state Na* conductivity of Naii(B11H14)3(B11H13)2 and NazBi1Hiz was investigated
through AC impedance measurements as a function of temperature and compared to other
single-anion and mixed-anion sodium hydridoborate salts and the solid-state electrolyte Na-
B-Al,03 [1] (Fig. 5.16). For simplicity, an Arrhenius plot of ionic conductivity of
Na11(B11H14)3(B11H13)a and NazB11H13 compared only to anhydrous and hydrated NaB11H14 was
also plotted (Fig. 5.17). The Nyquist plots for Na;B11H13 and Nai11(B11H14)3(B11H13)4 at certain
temperatures with the corresponding circuit model used to fit the impedance data are shown

in Fig. 5.18.
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Figure 5.16 Solid-state ionic conductivity of Na;Bi1His and Naii(Bi1H14)3(B11H13)s as a function of

temperature compared to other sodium single anion (left) [11,12,14,15,27,43,70,71] and mixed anion

(right) [22,23,29,31,70,72] hydridoborate materials. bcc-NaCBi11H12 represents the ionic conductivity

of the mechanically-milled NaCB1:H1>, which presents a body-centered cubic (bcc) polymorph at RT

[19]. The solid-state electrolyte Na-8-Al,0s was also added for comparison in both plots [1]. The solid

green lines denote the ionic conductivity of the samples synthesised in the present work.
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Figure 5.17 Solid-state ionic conductivity of Na;Bi1Hi3 and Naii(Bi1H14)3(B11H13)s as a function of

temperature compared to NaBi1iH14[27] and NaBiiHi4:(H20), [11].
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Figure 5.18 A) Impedance circuit model used to fit Nyquist plots, where R; is the internal resistance,
R is the surface-layer resistance, CPE; or Q; is the constant phase element and W,; is the open
Warburg element [73,74]. B) Nyquist plots of the Au-symmetric cell for Na;BiiHi3 at room
temperature, 100 and 200 °C. C) Nyquist plots of the Au-symmetric cell for Naj1(B11H14)3(B11H13)4 at 30
and 170 °C. At low temperatures, the data is presented as a semi-circle (charge transfer resistance of
the sample) with a spike line (Warburg element) at the low frequency region, which is related to the
Na* diffusion [43,73,74]. Upon increase of temperature, the semi-circle decreases, and only the linear

component can be observed.

Na2B11H13 presents an ionic conductivity of 2.5 x 1077 S cm™ at 30 °C with a sudden increase
upon heating, reaching 2.9 x 103S cm™ at 100 °C, a similar result to that observed for Na-6-
Al,03and NaBi11H14:(H20), at the same temperature (= 1 x 1072S cm™). This step-function type
behaviour is similar to the results observed for the nido-boranes Na-7,8-C;BsH1,> and Na-7-
CB1ioH13 [27], and the closo-borane NayBioHio [14] as they undergo an order-disorder
polymorphic transition with temperature increase. Even though Na3BiiHiz assumes a
disordered bcc structure as NaB11Hi4 (space group /43d) at high temperature [27], the Na*
conductivity observed for the formeris 7.7 x 1073S cm™ at 200 °C, whereas the latter exhibits

results in the order of 1072S cm™ at 100 °C. The lower ionic conductivity observed for
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Na;B11H13 compared to NaBi11Hi1a may be a result of the reduced number of vacant sites for
cation hopping, since despite having a similarly sized unit cell, NazB11H13 has twice the number
of Na*ions in its structure for charge-balance. There is also an increased Coulombic attraction
between divalent anions, as in B11H13%~, and Na*, as opposed to monovalent Bi11H14™, which
may also reduce cationic conductivity in Na;B11H13 [27,75]. Despite this, the ionic conductivity
observed in NaBi1Hi3 is significantly higher than either NaBi2H12 [71], NaBH4 [70] and
Na2B1,Cl12[43], in the temperature range of 30 — 200 °C (Fig. 5.16). The B11H13%~ anion exhibits
an asymmetric charge distribution (or polarisation), which is analogous to other nido-boranes
as well as carboranes, such as CBgHio”, which have interesting reorientational dynamics
governed by their charge polarity [75]. In contrast, Na;B12H12 [71] contains an isotropic closo-
borane anion, which yields a salt with lower ionic conductivity [27].

The activation energy (Ea) for Na* conduction for LT Na;B11H13 was measured to be 0.73 eV (+
0.02 eV). This is similar to other sodium nido-boranes, such as Na-7-CB1oH13, Na-7,8-C2BoH12
and NaBi1H14 [27], which demonstrate an E; of 0.68, 0.78 and 0.61 eV, respectively, for Na*
ion conduction in their low temperature ordered crystallographic phases (Table 5.1). Upon
the order-disorder polymorphic transition, the E; for Na* conductivity in NazB11H13 decreases
to 0.36 (+ 0.03 eV) eV, which is within the range for other disordered high temperature
sodium boranes, such as Na-7-CB1oH13 (0.42 eV) [27], Na-7,8-C2BoH1, (0.39 eV) [27], NaB11H1a
(0.41 eV) [27], NazB1oH10 (0.47 eV) [14], and NazB12H12(0.21 eV) [71] (Table 5.1).

Table 5.1 Activation energy of Naii(Bi11Hi4)3(B11H13)a and NaBiiHi3 compared to other

sodium hydridoborate salts.

Sample Activation energy (eV) Reference
LT2 NazB11H13 0.73 (+ 0.02 eV) This work
HT® NazB11H13 0.36 (+ 0.03 eV) This work
Na11(B11H14)3(B11H13)4 0.51 (+ 0.02 eV) This work
NaB11H1a-(H20)n 0.3 [11]
LT NaB11H14 0.61 [27]
HT NaBi1H14 0.41 [27]
LT Na-7-CBioH13 0.68 [27]
HT Na-7-CB1oH13 0.42 [27]
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LT Na-7,8-C2BgH12 0.78 [27]
HT Na-7,8-C;BgH12 0.39 [27]
HT NazBioH10 0.47 [14]
HT NazBi12H12 0.21 [71]

LT = Low temperature. °HT = High temperature.

Mixed-anion Nai1(B11H14)3(B11H13)a presents higher Na* conductivity than the LT NazB11H1s
and NaBi1H14 [27], which shows that the formation of the solid-solution results in a material
with better ionic conductivity properties near room temperature (4.6 x 10™S cm™ at 30 °C)
than its constituents (Fig. 5.17). The results of Na* conductivity for Na11(B11H14)3(B11H13)4 from
100 — 170 °C are also close to that observed for the HT Na;B11H13 (Fig. 5.17), with the mixed-
anion solid-solution reaching an ionic conductivity of 3.0x 103Scm™at 170 °C, and NazB11H13
exhibiting a result of 6.1 x 1073S cm™ at the same temperature. Again, this is thought to be
related to the presence of the Pm3n polymorph in the Na11(B11H14)3(B11H13)a structure at RT
(Figs. 5.12 & 5.13). The stabilisation of the disordered superionic structure at RT via formation
of mixed-borane-anion solid-solution has been previously seen as in Naz(CBgH10)(CB11H12) [22]
and Naz(Bi2H12)o.5(B1oH10)o.5 [23]. The mixture of monovalent with divalent hydridoborate
species, such as Naz(BHa4)(B12H12) [72], Naa(B11H14)2(B12H12) [29], Naa(CB11H12)2(B12H12) [31],
and Nas(NHz)(B12H12) [76] has also already been presented as an efficient strategy to enhance
the ionic conductivity properties of the material. The result observed for the Na* conductivity
of Na11(B11H14)3(B11H13)a near room temperature is also higher than the majority of the single-
anion sodium-borane compounds reported so far at the same temperature (Fig. 5.16) and
presents lower ionic conductivity when compared to NaB11Hia:(H20), (1.1 x 1073S cm™ at 25
°C) as water may facilitate the Na* migration (Fig. 5.17) [11], and to bcc-NaCBiiH12 (4 x 1073S
cm™ at 25 °C) as mechanical modification induces stabilisation of the bcc polymorph at RT
[19].

The activation energy for Na* conductivity in Na11(B11H14)3(B11H13)2 was measured to be 0.51
eV (+ 0.02 eV) from 30 — 80 °C, which lies between the results observed for the HT and the LT
NazB11H13 and NaBi1H14 (Table 5.1).

Fig. 5.16 also shows that the mixture Na11(B11H14)3(B11H13)a presents higher ionic conductivity
results than Na(BHa4)o.5(NH2)o.5in the temperature range of 30 — 170 °C [70], yet lower results

when compared to other mixed-anion solid solutions. However, the synthesis of
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Nai11(B11H14)3(B11H13)4 reported here requires only the use of wet chemistry approaches and
common laboratory consumables, which may be more cost-effective than when compared to
the majority of the syntheses reported for carboranes [77].

The oxidative stability limit of Na2B11H13 was determined to be 2.1 V against Na metal based
on the anodic peak observed in its linear sweep voltammogram at 30 °C (Fig. 5.19). This result
is similar to the one determined for NaBH4 (1.9 V vs. Na*/Na) [78,79] and higher than the
oxidative stability limit estimated for Li.B11H13 against Li metal (< 1.0 V), which was based on
DFT calculations [28]. However, the oxidative stability limit of Na;B11H13 is lower than the ones
for NaB11H14 [29] and NaB11H14:(H20), [11] with both exhibiting an onset of decomposition at
2.6 V vs. Na*/Na. The mixed-anion Nai1(Bi1H14)3(B11H13)a exhibited two onsets of anodic
current, one at 2.1 V and another one at = 2.7 V (Fig. 5.19), which is in agreement with the
electrochemical decomposition of NaBiiHiz and NaBiiHis4, respectively. A multistep
oxidation process has been reported for other mixed-anion boranes, such as
Naa(B12H12)(B1oH10), which presents two onsets of decomposition, one at 3.02 V vs. Na*/Na
and another one at 3.22 V vs. Na*/Na that were attributed to NazBigH10 and NazB12H1o,

respectively [45].

—Na,ByyHys
Na 1 (B11H14)3(B11H13)4

Current density (uA cm™)

20 24 28 32 36 40
Voltage (V)
Figure 5.19 Linear Sweep Voltammogram of Na/SSE/SSE+C/Pt/Al cell, with SSE = Na,B1:H13 (grey) and
Nai1(B11H14)3(B11H13)a (yellow) cell at a scan rate of 50 pV s™* at 30 °C between 1.7 and 4.0 V. The red

dashed lines represent the background and the anodic current fitted to obtain the oxidation potential.
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The higher electrochemical stability of closo-boranes, such as NazBioH1p and NazBi2H12, than
nido-boranes, as in NaBi11H1a and NazBi1H13, can be expected as the latter present an open
borane cage with delocalised hydrogen atoms, which tend to reduce their stability, with
hydrogen release or dimer formation upon oxidation [29]. Despite that, an oxidative stability
limit of 2.1 V vs. Na*/Na, as in samples of Na>B11H13, may not be an issue for their application
as solid-state electrolytes in Na-S batteries as such batteries present a working potential in
the range of 1.78 — 2.08 V [37,80]. Besides that, the use of Na as the anode in solid-state
batteries brings additional challenges that may need to be overcome prior to practical
applications. For example, pure Na-metal can lead the battery to short circuit due to Na
dendrite formation [81], and the use of a Na-Sn alloy as the anode can result in battery
capacity fade owing to the volume expansion of Sn [82]. Therefore, the compatibility of
sodium-borane electrolytes, such as NazBiiHiz, NaBiiHis, NaBiiHis:(H20),, and
Nai1(B11H14)3(B11H13)a, should also be assessed against other types of anode materials, for

instance, hard carbon and Na;TisO7 [83-85].

5.4 CONCLUSION

A facile synthesis of the solid-state NaBiiHiz and the mixed-anion solid-solution
Nai11(B11H14)3(B11H13)a was reported. Na;B11H13 undergoes a polymorphic phase change at =
170 °C assuming a body-centered cubic structure indexed in Pm3n, isostructural to the first
HT phase observed for Na;B12H12. Even though both Na;B11H13z and NaBi1Hisa assume a bcc
polymorph at HT, the latter presents higher Na* conductivity than the former, with NaxB11H13
reaching 7.7 x 1073 S cm™ at 200 °C. It is proposed that the increased Coulombic attraction
between Na*and divalent B11H13%, along with the increased cation site occupancy, decreases
the mobility of the cation in the crystal structure compared to the monovalent BiiHi4~
analogue.

At 30 °C, Na11(B11H14)3(B11H13)4 exhibits an ionic conductivity (4.7 x 107 S cm™) higher than its
constituents NaBiiHi (2 x 10 S cm™) and NazBiiHiz (2.5 x 1077 S cm™). XRPD data for
Na11(B11H14)3(B11H13)a shows the disordered Pm3n polymorph at RT, which is observed for
NazB11H13 at high temperatures. This shows that a mixed-anion solid-solution could partially
stabilise the HT disordered-polymorph at RT, which results in a sample with increased ionic

conductivity properties.
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NazB11H13 presents higher thermal stability than NaBiiHis, however the former is more
susceptible to voltage induced oxidation against Na metal, with an oxidative stability limit of
2.1 V vs. Na*/Na at 30 °C compared to 2.6 V vs. Na*/Na for NaB11H14 or NaB11H14:(H20), at
same temperature. Naii(Bi1H1a)3(B11H13)a exhibits two onsets of electrochemical
decomposition at 2.1 V and 2.7 V vs. Na*/Na at 30 °C, which are in agreement with the
oxidative stability limit observed for its counterparts. Sodium nido-boranes show great
potential as solid-state ion conductors and should be implemented in all-solid-state battery
cells in the near future to assess their performance against promising anode and cathode

materials.
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The increasing global warming effects around the world are becoming more evident and
severe. During summer 2019 - 2020, Australia faced some of the worst bushfire seasons in
history, which burned more than 20% of its forests with the consequent death of millions of
animals. In 2021, a severe heat wave reached Canada and the US killing over one hundred
people. Recently, the summer in Europe started earlier and has caused wildfires, temperature
records broken and more than 2,000 human deaths in Spain and Portugal. These are just some
examples of the consequences of the greenhouse gases emission related to the excessive
burning of fossil fuels. Moreover, fossil fuels have a limited supply, and they are feedstock for
the production of plastic, lubricants and other consumables, which make their replacement
as the main source of energy urgent.

Renewable energy is seen as the most promising alternative to fossil fuels as the main energy
source to reduce global warming impacts, however its intermittency has still hindered our
independency on fossil fuels. Batteries could be used as energy storage devices, however the
current state-of-the-art batteries, e.g. liquid-based Li-ion batteries, present high costs, safety
problems and incompatibility with electrode materials that can generate batteries with
increased energy density. This brings the need for the development of new energy storage
devices, such as solid-state batteries, that have the potential to overcome these issues.
Research on solid-state lithium batteries is thriving due to the increased energy density that
could be achieved, owing to the high theoretical capacity (3,860 mAh g?) and low redox
potential (-3.04 V vs. standard hydrogen electrode) of the Li metal anode. However, due to
the growing demand and price of lithium, potassium (K) and, especially, sodium (Na)-ion solid-
state batteries have been considered as promising alternatives, as they are more abundant
and cheaper metals than Li.

In this research, it was demonstrated that metal-alkali nido-boranes have strong potential to
be used as solid-state electrolytes for the next generation of batteries. In chapter 3, the
synthesis of hydrated LiB11H14:(H20)n, NaB11H14:(H20), and anhydrous KB11H14 was optimised
and/or elucidated for the first time. LiB11H14:(H20), and NaB11H14:(H20), exhibit a disordered
polymorphic cubic structure (Fm3m) at room temperature (RT) with high ionic conductivity
properties. Metal boranes usually undergo a polymorphic structural transition at high
temperatures (HT) assuming a disordered structure with superionic conductivity. It is
theorised that the presence of water in the crystal structure of LiB11Hia:(H20), and

NaBi1H14:(H20), may be responsible for the stabilisation of the disordered cubic structure,
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which leads to enhanced ionic conductivity. They present the highest ionic conductivity at RT
when compared to other Li and Na single-anion boron-hydrogen materials reported so far.
KB11H14 also presents similar or even higher ionic conductivity properties when compared to
other potassium boron-hydrogen salts. This may be due to the fact that nido-boranes also
possess a large size anion, as well as closo-boranes, and high dynamics, which coupled with
the defects present in the structure, facilitate cation migration. The mechanical modification
applied to all three samples, LiB11H1a:(H20)n, NaB11H14:(H20), and KB11H14, did not significantly
enhance their ionic conductivity properties, neither stabilised the HT KB11H14 polymorph at
RT. Perhaps another approach for the improvement of their ionic conductivity could be used,
such as anion-mixtures, or chemical modification of the anion. LiB11H1a:(H20), and
NaBi11H14:(H20), also exhibited relatively high electrochemical stability, 2.1 V vs. Li*/Liand 2.6
V vs. Na*/Na, respectively. Due to the high ionic conductivity presented by NaBi1H14:(H20), at
RT(1.1x103Scm™), battery tests should be considered for this salt as a solid-state electrolyte
for future work. A detailed study with the use of different cathode materials, such as NaCrO
or Na;CsOs, and anode materials, like Na-metal, hard carbon and Na3TisO7, could be
performed. Interfacial studies between SSE/electrode are also important for future battery
applications in order to reduce dendrite formation and to improve battery performance.

In chapter 4, salts of LiBi11H14 containing different water contents in their structure, as well as
the anhydrous version, were prepared through a facile approach and with the use of common
laboratory reactants. It was found that LiBi11H14:2H20 is a new class of ionic liquid, as it melts
near 70 °C, and it can be used as a wetting agent to improve interfacial contact between Li/SSE
in batteries. a-LiB11H14:(H20)n (n < 2) assumes a disordered polymorphic structure (la3d) at =
70 °C with superionic conductivity, whereas the anhydrous LiBi11H14 undergoes an order-
disordered polymorphic transition at # 110 °C. This stabilisation of the HT polymorph at a
lower temperature observed for the sample a-LiB11H14:(H20),, when compared to anhydrous
LiB11H1a, may be a result of the presence of water in the crystal structure. The amount of
coordinated water in the crystal structure completely changes the properties of the nido-
borane salts. The coordination of metal-boranes with other solvents should be considered in
future work as a strategy to possibly improve the ionic conductivity of the material. Due to
the liquid-like ionic conductivity properties observed for a-LiB11H14:(H20), at temperatures
higher than 60 °C and to an electrochemical stability of 2.8 V vs. Li*/Li, galvanostatic cycling

experiments against Li metal, battery tests using TiS; as the cathode, and interfacial
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improvements between SSE/Li were conducted. It was observed that the assembly of
batteries in a Swagelok-type cell can promote a better interfacial contact between
SSE/electrode than a coin cell. The application of LiB11H14:2H,0 or liquid electrolyte 1.0 M
LiPF¢ EC/DMC (v/v = 50/50) at their interfaces Li/SSE also promoted a better interfacial
contact by reducing the magnitude of the overpotential. Solid-liquid hybrid batteries with the
use of a liquid electrolyte at the interface Li/SSE demonstrated good performance with the
use of TiS; as the cathode, however when the ionic liquid LiB11H14-2H,0 was applied to both
interfaces, the performance of the battery decreased significantly. This may be due to a low
stability between liquid LiB11H14-2H,0 and TiS,. The use of LiB11H14:2H20 or liquid electrolyte
as a wetting agent should be assessed in future studies with other boron-hydrogen materials
as SSE for improvement of the interfacial contact. This can be more effective than the
application of an external stack pressure for practical applications. Further chemical or
mechanical modification of a-LiB11H14:(H20),, or anion-mixture, should be investigated as
potential approaches for stabilisation of the HT polymorph with increased ionic conductivity
at RT. Battery tests could also be performed with the use of other types of cathode materials,
such as sulphur-carbon composite or oxide cathodes.

In chapter 5, the synthesis of Na;BiiHiz and the mixed-anion solid-solution
Nai11(B11H14)3(B11H13)a was demonstrated through a facile wet-chemistry approach. Similar to
other metal-boranes, NaxBi1H13 undergoes an order-disordered polymorphic transition at
high temperature to a cubic structure (Pm3n), which enhances its ionic conductivity. The
formation of the mixed-anion solid-solution could partially stabilise the HT NazBiiHi3
polymorph at room temperature, which increases the ionic conductivity of
Na11(B11H14)3(B11H13)a to 4.7 x 10 S cm™?, higher than its counterparts NaBi1H14 (2 x 1076 S
cm™) and NazBiiHi3 (2.5 x 1077 S cm™) at 30 °C. This confirms that the strategy of mixing
different boron-hydrogen anions can be a successful approach to enhance ionic conductivity
properties of boranes as solid-state electrolytes. It was observed that compounds containing
NazB11H13 are more thermally stable than compounds purely formed by NaB11H14, which may
be related to the lattice energy of the former being higher. Therefore mixing Na2B11H13 with
other boranes with lower decomposition temperature can be a strategy to enhance thermal
stability of the composite. However, the electrochemical stability of Na;Bi1Hi3 against Na
metal (2.1 V vs. Na*/Na) is lower than the one observed for NaBi1H14 (2.6 V vs. Na*/Na). Na-S

batteries exhibit a working voltage between 1.78 — 2.08 V, which makes Na3zBiiHi3 or
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Nai11(B11H14)3(B11H13)4 a suitable solid-state electrolyte. Other types of anode materials, such
as hard carbon and Na;TisO7, could also be assessed in order to investigate their
electrochemical stability.

In conclusion, different metal-alkali-boranes had their synthetic process optimised using
facile and low cost wet-chemistry techniques throughout the course of this research. Some
reported modifications of the metal-boranes were used in an attempt to enhance their ionic
conductivity properties. Coordination of the salt with water and formation of a mixed-anion
solid-solution seem to be the most successful approaches. Despite the presence of water in
the crystal structure, hydrated LiBi11H12 and NaB11H14 exhibit electrochemical stability against
Li and Na metals, respectively, and improved ionic conductivity, which make them promising
candidates to be used as solid-state electrolytes for the next generation of batteries. The
research of metal-boranes as solid-state electrolytes should be continued as they show

promising features for practical applications.

217



APPENDIX A
DFT Calculations for By1Hs and
B11Hi:OH




Figure A.1 Calculated structure of (a) BiiHisa™ and (b) B1;H130H™. Boron atoms are violet spheres; H

atoms are white spheres; O atom is red sphere.

Table A.1 Calculated bond distances and angles for Bi1H14a™ at B31LYP/aug-cc-pvdz level of

theory.
Bond distance
Atoms . Atoms Bond Angles (°)
(A)
B1 - B3 1.779 B1-B2-B10 110.49
Bl1-B4 1.790 Bl1-B2-B11 111.17
B1-H1 1.197 B1-B2-H2 121.16
B2 - B1 1.779 B1-B3-B11 111.17
B2 - B10 1.746 B1-B3-H3 121.15
B2 - B11 1.793 B1-B4-H4 119.98
B2 - B3 1.817 B1 - B5-H5 125.56
B2 - H2 1.198 B1-B6-B10 108.03
B3 - H3 1.198 B1-B6-H6 119.98
B4 - B3 1.789 B2-Bl1-B4 110.01
B4 - H4 1.198 B2 -B1-H1 121.15
B5 - B1 1.779 B2 -B10-H9 125.04
B5 - B4 1.785 B2 - B10 - Hc 129.32
B5 - B6 1.785 B2 - B11 - H10 112.43
B5 - B8 1.760 B2 -B11-Hb 128.77
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B5 - B9 1.760 B2 -B3-B4 108.36
B5 - H5 1.198 B2 - B3 -H3 120.57
B6 - Bl 1.790 B2 -B6 - H6 122.31
B6 - B10 1.789 B3-Bl1-H1 121.15
B6 - B2 1.789 B3 -B11-H10 112.42
B6 - H6 1.198 B3-Bl11-Hb 128.71
B7 - B3 1.746 B3 -B2-B10 112.03
B7 - B4 1.789 B3 -B2-H2 120.56
B7 - B8 1.860 B3-B4-H4 122.30
B7 - H11 1.196 B3 -B7-H11 125.03
B7 - Ha 1.354 B3 -B7-Ha 129.34
B8 - B4 1.778 B4 -Bl-H1 120.20
B8 - H7 1.199 B4 - B3 -Bl11 116.45
B8 - Ha 1.285 B4 - B3 - H3 121.51
B9 - B10 1.860 B4 -B5-H5 120.68
BO - B6 1.778 B4 - B7 - H11 125.74
BO - H8 1.199 B4 - B7 - Ha 101.41
B9 - Hc 1.285 B4 - B8 - H7 123.04
B10 - H9 1.197 B4 - B8 - Ha 104.94
B10 - Hc 1.354 B5-B1-B2 106.64
B11-B3 1.793 B5-B1-B3 106.64
B11 - H10 1.204 B5-B1-H1 123.56
B11 - Hb 1.211 B5-B4 -B3 105.95
B5-B4 -H4 122.54

B5-B6-B10 108.60

B5 - B6 - B2 105.95

B5-B6 - H6 122.54

B5 - B8 - H7 122.84

B5-B8-Ha 130.40

B5-B9 -B10 106.58

B5-B9 - H8 122.85
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B5 - B9 - Hc 130.38

B6 - B1-B3 110.01
B6 - B1 - B4 110.65
B6-Bl-H1 120.20
B6 - B10 - H9 125.74
B6 - B10 - Hc 101.42
B6 - B2 -Bl11 116.45
B6 - B2 - B3 108.37
B6 - B2 - H2 121.52
B6 - B5 - B4 111.09
B6 - B5 - H5 120.69
B6 - B9 - H8 123.05
B6 - B9 - Hc 104.94
B7-B3-B1 110.48
B7 - B3 -B11 68.15
B7-B3-B2 112.03
B7 - B3 -H3 119.17
B7-B4-B1 108.03
B7 - B4 -B5 108.60
B7-B4-H4 121.95
B7 -B8-B5 106.58
B7 -B8 -H7 123.09
B8 - B4 -B1 108.46
B8 - B4 - B3 108.06
B8 - B4 - H4 122.22
B8 -B5-B1 109.79
B8 - B5 - B6 114.66
B8 - B5 - B9 67.33
B8 - B5-H5 114.93
B8 - B7 - B3 106.35
B8 - B7 - H11 122.52
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B9 - B10 - B2 106.35
B9 - B10 - H9 122.51
B9 -B5-B1 109.79
BO - B5 - B4 114.66
B9 - B5 - H5 114.94
BO - B6 - B1 108.46
BO - B6 - B2 108.05
BO - B6 - H6 122.23
B10 - B2 - H2 119.17
B10 - B6 - H6 121.95
B10 - BO - H8 123.09
B11-B2-B10 68.16
B11-B2 - H2 115.02
B11-B3-H3 115.03
H8 - B9 - Hc 105.06
H11-B7 - Ha 104.23
Ha - B8 - H7 105.06
Hb - B11 - H10 107.19
Hc-B10 - H9 104.24

Table A.2 Calculated bond distances and angles for B11H130H™ at B31LYP/aug-cc-pvdz level of

theory.
Atoms  Bond distance (A) Atoms Bond Angles (°)
B1-B2 1.784 B1-B2-B11 110.92
B1-B3 1.776 B1-B2-B7 110.76
Bl1-B4 1.778 B1-B2-H2 120.56
B1 - B5 1.793 B1-B3-B7 109.03
B1 - B6 1.781 B1-B3-B8 109.22
B1-H2 1.197 B1-B3 -H3 120.79
B2 - B11 1.805 B1-B4-B8 109.75
B2 - B3 1.795 B1-B4-B9 109.74
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~ B2-B6 | 1.813 B1- B4 - H4 125.78
B2 - B7 1.749 B1 - B5 - B10 108.51
B2 - H2 1.202 B1- B5 - B9 108.18
B3 - B4 1.776 B1-B5 - H5 119.51
B3 - B7 1.794 B1 - B6 - B10 110.67
B3 - B8 1.781 B1- B6 - B11 112.23
B3 - H3 1.198 B1-B6 - H6 120.78
B4 - BS 1.783 B2 - B1- B4 106.48
B4 - B8 1.768 B2-B1-B5 109.79
B4 - B9 1.760 B2 - B11 - H10 111.86
B4 - H4 1.198 B2 - B11 - Hb 124.65
B5 - B10 1.778 B2 - B3 - B4 106.10
BS - B6 1.791 B2 - B3 - B8 107.55
BS - B9 1.780 B2 - B3 - H3 121.93
B5 - H5 1.198 B2 - B6 - B10 112.89
B6 - B10 1.743 B2 - B6 - B5S 108.57
B6 - B11 1.781 B2 - B6 - H6 120.13
B6 - H6 1.198 B2 - B7 - B8 105.98
B7 - B8 1.863 B2 - B7 - Ha 126.22
B7 - Ha 1.404 B2-B7-0 127.25
B7 - Hb B3-B1-B5 110.77
B7-0 1.409 B3 - B1-B6 110.27
B8 - H7 1.198 B3 - B2 - B11 117.34
BS - Ha 1.266 B3 - B2 - B6 107.96
B9 - B10 1.856 B3 -B2-H2 120.53
B9 - B11 1.294 B3 - B4 - B5 111.23
B9 - H8 1.198 B3 - B4 - B9 114.79
B10 - H2 1.197 B3 - B4 - H4 120.14
B10 - Hc 1.341 B3 - B7 - Ha 100.01

B11 - H10 1.206 B3-B7-0 127.87
B11 - Hb 1.207 B3 - B§ - H7 122.18
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~ 0-H11 | 0.962 B3 - B8 - Ha 106.65
B4 - B1-B6 106.42
B4 - B3 - B7 109.43
B4 - B3 - H3 123.80
B4 - B5 - B10 109.20
B4 - BS - B6 105.74
B4 - BS - H5 122.13
B4 - B8 - B7 106.71
B4 - B§ - H7 122.11
B4 - B8 - Ha 129.36
B4 - B9 - B10 106.77
B4 - B9 - H8 122.72
B4 - B9 - Hc 130.73

B5 - B10 - H9 125.34
B5 - B10 - Hc 102.17
BS - B4 - B8 115.21
B5 - B4 - H4 120.98
B5 - B6 - B11 116.83
B5 - B6 - H6 121.63
B5 - B9 - H8 123.45
B5 - B9 - Hc 104.12
B6 - B10 - B9 106.17
B6 - B10 - H9 125.38
B6 - B10 - Hc 128.31
B6 - B11 - H10 112.07
B6 - B11 - Hb 132.50
B6 - B2 - B7 113.62
B6 - B2 - H2 121.15
B6 - B5 - B9 107.40
B6 - BS - H5 122.66
B7 - B2 - B11 70.37



B7 - B2 -H2 117.98
B7-B3-H3 119.45
B7 - B8 - H7 122.71
B8 -B3-H3 121.72
B8 - B4 - B9 67.56
B8 - B4 - H4 114.25
B8-B7-0 121.98
B9 - B10 - H9 122.69
B9 - B4 - H4 115.22
B9 - B5-H5 122.84
B10-B5-H5 121.86
B10 - B6 - H6 118.96
B10 - BO - H8 122.81
B11-B2 - H2 115.82
B11 - B6-B10 68.69
B11-B6-H6 114.32
H1-B1-B2 121.19
H1-B1-B3 120.00
H1-Bl1-B4 123.89
H1-B1-B5 120.23
H1-B1-B6 121.09
H7 - B8 - Ha 106.44
H10 - B11 - Hb 107.71
Hc - B10 - H9 104.58
Hc - B9 - H8 105.05
O-B7-Ha 104.66

Table A.3 Optimised atomic coordinates for Bi1Hia~ at B31LYP/aug-cc-pvdz level of theory.

B | -1.56331 0.50444 -0.80203

B | 0.00038 -1.5354 0.54625

B | -0.97547 -1.25756 -0.89188
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0.97591 -1.25703 -0.89199

1.47225 -0.53083 0.65324

0.90827 1.16649 0.67459

0.00012 -0.07742 1.56505

-1.47191 -0.53146 0.6534

-0.00038 1.72421 -0.76662

-0.90867 1.16616 0.67474

1.56312 0.50505 -0.80215

-2.56885 0.87492 -1.33412

-0.96679 -0.28229 -1.72861

0.00056 -2.66496 0.94604

-1.59608 -2.12762 -1.43427

1.59679 -2.12671 -1.43471

0.9664 -0.28149 -1.72855

2.45399 -0.8867 1.24023

1.51707 2.02123 1.2516

0.00015 -0.10643 2.76199

-2.45346 -0.88772 1.24048

-0.00132 1.26493 -1.8868

-0.00067 2.92321 -0.8737

-1.5178 2.02055 1.25193

IrI r *r| *f r|, r| r| *r| *| *| | T| | T| W W| W| W W| W| W ‘

2.56846 0.87582 -1.33442

Table A.4 Optimised atomic coordinates for B11H130H™ at B31LYP/aug-cc-pvdz level of theory.

B | 0.86891 -0.09122 1.51075

1.2593 -0.12378 2.64195

-0.61776 0.79208 1.07138

-0.58295 -1.00238 1.0458

0.99884 -1.45481 0.37785

2.03862 -0.02353 0.15401

™| W| W@W| | W| T

1.00678 1.3905 0.53285
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-1.49924 -0.05975 -0.17546

-0.417 1.64758 -0.50521

-1.25005 1.37849 1.90832

-0.43541 -1.51269 -0.65441

-1.17865 -1.65912 1.85104

1.31452 -0.8513 -1.24517

147123 -2.52769 0.62433

1.35599 1.00029 -1.12934

3.21336 -0.04703 0.38614

1.46336 2.39361 1.00112

-2.89074 -0.04974 -0.3941

0.74982 0.09968 -1.91714

-0.81622 2.78425 -0.45327

-0.73708 1.19458 -1.57769

-0.89219 -2.54607 -1.05217

-0.95801 -0.59677 -1.35477

1.95268 -1.46586 -2.05186

1.98977 1.68099 -1.88238

IIIIIIIIOIIUJIUJIWIUJUJ‘

-3.2978 0.65874  0.11389

Table A.5 NPA charge and B NMR spectroscopy chemical shift (ppm) analysis for B11H14~ and
B11H130H™ calculated at the B31LYP/aug-cc-pvdz level of theory.

Atom NPA Charge Mulliken Charge

B1iH14~ B11H130H™ | B11Hi4a™ Bi11H130H™

B1 |-0.130 -0.123 | -1.853 -1.910

B2 | -0.203 -0.270 | -1.078 -1.494

B3 |-0.203 -0.214 | -1.080 -1.908

B4 |-0.189 -0.192 | -1.587 -0.460

B5 |-0.192 -0.201 |-0.376 -1.566

B6 |-0.189 -0.206 |-1.587 -0.975

B7 0.000 0.613 -2.554 1.132
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BS |-0.147 -0.192 |-2.835 -3.290
B9 |-0.147 -0.122 |-2.835 -2.878
B10 | 0.000 -0.022 |-2.555 -2.674
B11 |-0.308 -0.303 |-2.800 -2.961
H1 | 0.032 0032 | 1.484  1.517
H2 | 0039 0038 | 1479  1.467
H3 | 0039 0037 | 1.479  1.492
H4 | 0032 0046 | 1.453  1.488
H5 | 0.044 0034 | 1.431  1.423
H6 | 0.032 0041 | 1.453  1.474
H7 | 0025 0032 | 1639  1.634
H8 | 0.025 0023 | 1.639  1.678
HO | 0.010 0013 | 1.653  1.659
H10 | 0.039 0034 | 1.608  1.607
H11 | 0.010 0495 | 1.653  0.185
Ha | 0.127 0117 | 1115  1.080
Hb | 0.124 0101 | 0936  0.955
Hc | 0127 0128 | 1115  1.134
0 - ~0.938 - ~0.812

Table A.6 Observed and calculated *B NMR chemical shifts (ppm) for Bi11H14™ calculated at

the B31LYP/aug-cc-pvdz level of theory. Solvent is CD3CN.

Bi1H14™
Atoms
Observed Calculated
-14.2 -10.9
B2-6 -16.8 -18.4
B7-11 -16.0 -13.2

228



Table A.7 Observed and calculated *B NMR chemical shifts (ppm) for B11H130H™ calculated at
the B31LYP/aug-cc-pvdz level of theory. Solvent is CD3CN.

B11H130H™
Atoms
Observed ? Observed [1] Calculated @

B1 -14.2 -14.1 -12.4
B2, B3 -23.3 -22.9 -23.6
B4, B6 -10.7 -11.0 -11.8

B5 -40.0 -39.3 -40.6

B7 18.8 18.0 20.6
B8, B11 -29.1 -28.9 -27.2
B9, B10 -9.6 -9.7 -8.1

@This work.
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