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Hydrated Alkali-B11H14 Salts as Potential Solid-State Electrolytes†  

Diego H. P. Souza,a Kasper T. Møller,ab Stephen A. Moggach,c Terry D. Humphries,a Anita M. 
D’Angelo,d Craig E. Buckley,a and Mark Paskevicius*a 

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·(H2O)n, (M = Li and Na) and KB11H14 is proposed and analysed.The formation of the 

B11H14
− salt is pH-dependent, and H3O+ competes with small ionic radii cations, such as Li+ and Na+, to produce a hydronium 

salt of B11H14
−, which forms B11H13OH− 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 LiB11H14 and NaB11H14 coordinated with water, whereas KB11H14 is anhydrous. Hydrated LiB11H14·(H2O)n and 

NaB11H14·(H2O)n exhibit exceptional ionic conductivities at 25 °C, 1.8 x 10−4 S·cm−1 and 1.1 x 10−3 S·cm−1, 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. KB11H14 undergoes a reversible polymorphic structural transition 

to a metastable phase before decomposing. All synthesised nido-boranes decompose at temperatures greater than 200 °C.

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 vaporization 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 

(3860 mAh·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 10−3 S·cm−1). 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 

MB11H14, M = Li, Na, or K, free of ethereal solvent, have not been 

clearly elucidated. In previous research, NaB11H14 was 

commercially obtained,21 and its ionic conductivity was 

considerably high at room temperature (~1 x 10−3 S·cm−1). 
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However, the NaB11H14 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 NaB11H14 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 NaB11H14 and for NaB11H14 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 LiB11H14·(H2O)n, NaB11H14·(H2O)n and KB11H14, 

free of diglyme, through a facile, cheap, and safe synthetic route 

to be mass-produced is presented, alongside the 

electrochemical properties, the structural features, and the 

trends in thermal behaviour. 

EXPERIMENTAL 

Chemicals 

Sodium borohydride (NaBH4, anhydrous, 98%), diglyme 

(C6H14O3, anhydrous, 99.5%), 1-bromopentane (C5H11Br, 98%), 

diethyl ether ((C2H5)2O, anhydrous, 99.7%), trimethylamine 

hydrochloride ((CH3)3N·HCl, 98%), potassium hydroxide (KOH, 

90%), sulfuric acid (H2SO4, 95−98%), deuterated water (D2O, 

99.9 atom % D), deuterated dimethyl sulfoxide (DMSO-d6, 

anhydrous, 99.9 atom % D), deuterated acetonitrile (CD3CN, 

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, O2 & H2O < 1 ppm) or using Schlenk 

techniques. 

Synthesis of trimethylammonium nido-

tetradecahydroundecaborane, (CH3)3NHB11H14 

11NaBH4(s) + 10C5H11Br(l) C6H14O3 , 110 °C ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  NaB11H14·(C6H14O3)n(sol) + 

10NaBr(s) + 10C5H12(g) + 10H2(g)             (1) 

NaB11H14·(C6H14O3)n(aq) + (CH3)3N·HCl(aq) H2O, 25 °C ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ 

(CH3)3NHB11H14(s) + NaCl(aq) + n(C6H14O3)(aq)            (2) 

 

The syntheses of NaB11H14·(C6H14O3)n and (CH3)3NHB11H14 (eq. 1 

and 2) were performed based on methods previously reported 

by Dunks et al.26 and Muetterties et al.24 with adaptations. 

NaBH4 (50 g, 1.32 mol) was weighed into a three-neck round-

bottom flask equipped with a thermometer, a mechanical 

stirrer, and a pressure-equalizing 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 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)3NHB11H14). 

NaB11H14·(C6H14O3)n: 1H NMR (D2O, 400 MHz): δ (ppm) 0.30 – 

2.60 (m, 11H, B1−11H), 3.31 (s, 6H, OCH3), 3.55 (m, 4H, CH2) and 

3.61 (m, 4H, CH2). 11B{1H} NMR (D2O, 128 MHz): δ (ppm) −17.3 

(B7−11H), −16.2 (B2−6H) and −15.2 (B1H). 11B NMR (D2O, 128 

MHz): δ (ppm) −17.3 (d, B7−11H, J = 145 Hz), −16.2 (d, B2−6H, J = 

145 Hz) and −15.1 (d, B1H, J = 130 Hz). 

(CH3)3NHB11H14: 1H NMR (CD3CN, 400 MHz): δ (ppm) 0.50 – 2.40 

(m, 11H, B1−11H), 2.73 (s, 9H, NCH3). 11B{1H} NMR (CD3CN, 128 

MHz): δ (ppm) −16.8 (B7−11H), −16.0 (B2−6H) and −14.2 (B1H). 11B 

NMR (CD3CN, 128 MHz): δ (ppm) −16.9 (d, B7−11H, J = 120 Hz), 

−15.9 (d, B2−6H, J = 120 Hz) and −14.2 (d, B1H, J = 145 Hz). 

Synthesis of alkali metal nido-tetradecahydroundecaborane, 

MB11H14 (M = Li, Na, K) 

(CH3)3NHB11H14(aq) + 2MOH(aq) H2O, 100 °C ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ M2B11H13(aq) + (CH3)3N(g) 

+ 2H2O(l)                         (3) 

M2B11H13(aq) + HCl(aq) H2O, 80 °C ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ MB11H14(aq) + MCl(aq)              (4) 

M2B11H13(aq) + H2SO4(aq) H2O, 80 °C ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ MB11H14(aq) + MHSO4(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 synthesizing Na2B11H13 (eq. 3) and show that the 

reduction of the pH of the reaction medium to 4-5 with addition 

of H2SO4 yields NaB11H14 (eq. 5). However, they do not 

demonstrate how to isolate NaB11H14, neither how to prepare 

LiB11H14 or KB11H14, 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 NaB11H14 and 0.5 g, 2.59 mmol for 

KB11H14) was dissolved in a 0.5 mol·L−1 aqueous solution of 

metal hydroxide (LiOH: 75 mL, NaOH: 75 mL, KOH: 30 mL) and 

heated to boiling (100 °C) for ~ 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−1 aqueous solution of inorganic acid 

(LiB11H14 and NaB11H14 were prepared with HCl, eq. 4, and 

KB11H14 with H2SO4, 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 
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deliquescent white powder of alkali metal nido-

tetradecahydroundecaborane (LiB11H14: 0.89 g, 6.36 mmol, 82% 

yield, NaB11H14: 0.68 g, 4.36 mmol, 56% yield, KB11H14: 0.30g, 

1.74 mmol, 67% yield). 

MB11H14 (M = Li, Na and K): 1H NMR (DMSO-d6, 400 MHz): δ 

(ppm) −0.30 – 2.50 (m, 11H, B1−11H). 11B{1H} NMR (DMSO-d6, 

128 MHz): δ (ppm) −16.8 (B7−11H), −16.0 (B2−6H) and −14.2 (B1H). 
11B NMR (DMSO-d6, 128 MHz): δ (ppm) −16.9 (d, B7−11H, J = 125 

Hz), −15.9 (d, B2−6H, J = 125 Hz) and −14.2 (d, B1H, J = 135 Hz). 

Characterization  

Nuclear Magnetic Resonance (NMR), Fourier Transformed 

Infrared Spectroscopy (FTIR), simultaneous Thermogravimetry 

(TGA) and Differential Scanning Calorimetry (DSC), Thermal 

Decomposition Analysis by Mass Spectrometry (TDA-MS), X-Ray 

Powder Diffraction (XRPD) and Electrochemical Impedance 

Spectroscopy (EIS) were applied for the characterization of all 

samples. Temperature Programmed Photographic Analysis 

(TPPA) was conducted with the sample of ball-milled (B.M.) 

KB11H14. Linear sweep voltammetry (LSV) measurements were 

performed for the samples of LiB11H14·(H2O)n and 

NaB11H14·(H2O)n. The crystal structures of LiB11H14·2H2O and  

room temperature KB11H14 were determined by single-crystal X-

ray diffraction data and synchrotron powder X-ray diffraction 

data, respectively. Density Functional Theory (DFT) calculations 

were performed for B11H14
− and B11H13OH− to obtain structural 

information and theoretical NMR and FTIR data for both anions. 

Detailed information for all analyses can be found in the 

Electronic Supplementary Information. 

RESULTS AND DISCUSSION 

Sample Preparation and Characterization 

The synthesis of NaB11H14 can be accomplished by different 

synthetic routes, as demonstrated by known reactions 6 and 

7:29,30 

NaBH4(s) + B10H14(l) dioxane, 90 °C ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ NaB11H14·(dioxane)n(sol) + 2H2(g)  (6) 

11B5H9(g) + 5NaH(sol) glyme, 85 °C ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  5NaB11H14(sol) + 17H2(g)           (7) 

 

The use of decaborane (B10H14) and pentaborane (B5H9) 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 NaB11H14 

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.26,31,32 The reduction of the alkyl halide by BH4
− in 

diglyme produces diborane (B2H6), a highly reactive gas (eq. 8). 

Further reaction of this compound with the BH4
− induces the 

formation of B3H8
−, a product of the thermal decomposition of 

B2H7
− (eqs. 9 and 10). High yields of B3H8

− are achieved when the 

reaction occurs at ~100 °C in an ethereal solvent, such as 

diglyme. B3H8
− reacts with excess diborane and produces 

NaB11H14 in a dehydrocondensation step (eq. 11).26,31,32 The 

overall reaction of this synthetic route is shown in equation 1. 

10NaBH4 + 10C5H11Br → 5B2H6 + 10NaBr + 10C5H12                (8) 

B2H6 + 2NaBH4 → 2NaB2H7                               (9) 

2NaB2H7 → NaB3H8 + NaBH4 + H2          (10) 

NaB3H8 + 4B2H6 → NaB11H14 + 9H2                                     (11) 

 

The main drawback of the dehydrocondensation reaction (eq. 

1) is the formation of NaB11H14 strongly coordinated with 

diglyme, and the presence of this coordinated solvent changes 

its properties as an ionic conductor (see section on ‘Solid-State 

Ionic 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 11B NMR, FTIR, and XRPD 

data for (CH3)3NHB11H14 are summarised in Figs. S1 and S2. The 

reaction of (CH3)3NHB11H14 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
2− (Fig. S3). The reaction is 

conducted at 100 °C in an open vessel to ensure that (CH3)3NH+ 

is eliminated from the reaction mixture as trimethylamine, 

(CH3)3N (boiling point 2.9 °C at 1 atm).28 When the alkaline 

solution of B11H13
2− is treated with an aqueous solution of an 

inorganic acid, such as H2SO4 or HCl, B11H13
2− is progressively 

converted back to B11H14
− and a side-product of boric acid 

(B(OH)3). The resonances of B11H13
2− in the 11B NMR spectrum 

of the aqueous medium are no longer observed after reducing 

the pH of the reaction below 5.0 (Fig. S4). In order to isolate 

B11H14
− from the reaction mixture that contains B(OH)3, 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 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)3 was dissolved in DMSO-d6 and 

analysed using 11B NMR spectroscopy (Fig. S5). No resonance at 

19.4 ppm from B(OH)3 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, B11H14
− 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 11B NMR spectrum 

of each compound after drying (Fig. 1) shows the presence of 

B11H14
− represented by the resonances at δ = −14.2, −16.0 and 

−16.8 ppm. Additional resonances are also observed in the 

spectra of LiB11H14 and NaB11H14 (δ = 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 B11H13OH−,33 which is formed as a side product. 

During synthesis, in which the aqueous solution is acidified in 

order to convert B11H13
2− into B11H14

−, hydronium salts of B11H14
− 
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may also be formed, which decompose into B11H13OH− during 

evaporation of the organic layer and drying of the powder. 

Similar reactions have previously been observed for hydronium 

salts of B12H12
2− with hydrogen evolution and consequent 

formation of B12H11OH2−, upon decreasing the water content or 

heating.27 As Li+ and Na+ are small cations, they may compete 

with H3O+ for the formation of salts of B11H14
−, whereas large 

monovalent cations, such as K+, (CH3)3NH+, and Cs+,28 yield 

stable salts of B11H14
−, not allowing formation of the hydronium 

salt nor B11H13OH−. Furthermore, the estimated ionic radius of 

1.00 Å for H3O+ is similar to six-coordinate Na+ (1.07 Å) and even 

greater than the six-coordinate Li+ radius (0.79 Å),34,35 which 

explains the formation of acids of B11H14
− when small cations are 

used for the synthesis. The additional resonances are also 

observed in the 11B NMR data of commercial NaB11H14,25 

however, they have previously been unidentified. 

A more pure B11H14
− 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
2− remains 

present, which reduces the yield of the synthesis. This can only 

be accomplished since diethyl ether does not extract B11H13
2− 

from the medium. Fig. S6 shows the 11B{1H} NMR spectra of 

LiB11H14 obtained after organic layer extractions at pH 4.5 and 

7.5. Integration of the NMR resonances shows that the sample 

obtained from low pH has approximately 12 mol% of B11H13OH−, 

whereas the sample that was obtained from neutral pH contains 

approximately 4 mol% of B11H13OH−. 

FTIR spectroscopy (Fig. S7)  in conjunction with DFT calculated 

vibrational spectroscopy data (Fig. S8)  confirms the presence of 

B−H bonds through the stretching mode at 2500 cm−1.36,37 There 

is also an absence of (CH3)3NH+ represented by the lack of the 

bands at 3165 cm−1 and 970 cm−1, which are assigned to the 

stretching modes of the +N−H and C−N+ bonds, respectively (Fig. 

S1(B)).38 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−1 (O−H stretching) and 1610 cm−1 (H−O−H 

bending).39 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.40  

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. S9). Samples of LiB11H14 and NaB11H14 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. S10). This correlates well with TGA-DSC 

data (Figs. S11-S13), where a significant mass loss and a clear 

exothermic feature at ~210 °C are observed in all cases. Two 

steps of hydrogen evolution can be observed in the MS data for 

LiB11H14 (Fig. S10), one at ~165 °C, corresponding to the water 

release temperature (Fig. S9), and another one at ~220 °C, 

which is also observed in its DSC scan (Fig. S11). The MS data for 

NaB11H14 (Fig. S9) 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 NaB11H14, respectively, is attributed to the 

release of water and hydrogen, whereas KB11H14 show a total 

mass loss of 2.9 wt%, which accounts for hydrogen evolution. 

Only KB11H14 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. 2) 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.41,42 

Structural Characterization  

XRPD patterns of LiB11H14·(H2O)n, NaB11H14·(H2O)n, and KB11H14 

are illustrated in Fig. 3. As mentioned previously, the materials 

were dried at 80 °C in vacuo prior to analysis.  

XRPD data has not previously been reported for LiB11H14·(H2O)n 

nor KB11H14. However, it appears as though the Li and Na 

analogues share a structural configuration due to similarities in 

the XRD pattern. The XRPD pattern of NaB11H14·(H2O)n appears 

Fig. 1. 11B{1H} NMR spectra (128 MHz) of LiB11H14, NaB11H14, and KB11H14 in DMSO-d6 (top 

to bottom), which show the presence of B11H14
− anion in all spectra, observed at δ = 

−14.2, −16.0 and −16.8 ppm. The resonances at δ = 18.8, −9.6, −10.7, −23.3, −29.1, and 

−40.0 ppm observed in the spectra of LiB11H14 and NaB11H14 represent B11H13OH−, which 

is formed as a by-product in the reaction. 
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similar to that presented by Tang et al.21 for the sample ‘a-

NaB11H14’ that exhibits a face centred cubic polymorph (Fm3̅m, 

a = 10.1520(19) Å) at room temperature. This also correlates 

well with our indexing, which suggests Fm3̅m, a = 10.101(1) Å 

for NaB11H14·(H2O)n and Fm3̅m, a = 10.0736(5) Å for 

LiB11H14·(H2O)n. In contrast, the room temperature polymorph 

of KB11H14 (denoted α) was indexed in 𝑃1̅ (see Tables S1-2 and 

Figures S14-15). However, a high temperature polymorphic 

structural transition is observed at 135 °C, in agreement with 

DSC data and in-situ XRPD data (see Figure S16). The high 

temperature KB11H14 polymorph (denoted β) was indexed in 

Fm3̅m, a = 10.19473(4) Å, 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.43 The unit cell and structure of α-KB11H14 

differs greatly to that of the hydrated NaB11H14 and LiB11H14 

moieties. As can be seen from Fig. S15, the KB11H14 packing 

structure, when viewed along the a and b axis consists of 

separate columns of K atoms and B11H14
− anions. The distances 

between K atoms through the columns along the a and b axis 

are ~7.1 Å, whereas the shortest K−K distances are 5.278(5) Å. 

To determine the accurate hydrogen positions, neutron 

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·(H2O)n 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 10−6 

S·cm−1). 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·(H2O)n 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·(H2O)n spontaneously returns to its 

original polymorph upon natural heating to room temperature 

(Fig. 4). This discovery raises the question as to whether the 

room temperature NaB11H14·(H2O)n 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 LiB11H14·2H2O 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 LiB11H14·2H2O was 

solved in space group C2/c with lattice parameters a = 

10.4298(4) Å, b = 10.1040(2) Å, c = 42.3413(16) Å, β = 

91.236(4)°, and V/Z = 557.62(9) Å3 (Fig. S17, Table S1 & S3). 

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 B11H14
− anion. The Li−Li 

distances are between 2.86(1) and 2.891(7) Å. Two of the bound 

Fig. 2. DSC plots for pristine and ball-milled (B.M.) KB11H14 upon heating and cooling 

between 40 and 170 °C (ΔT/Δt = 10 °C·min−1) under 40 mL·min−1 of argon flow. 

Fig. 3. XRPD pattern for LiB11H14·(H2O)n, NaB11H14·(H2O)n, and KB11H14 at room 

temperature. λ = 1.54056 Å. Asterisks at 2ϴ = 31.8° and 45.5° in the NaB11H14·(H2O)n 

pattern represent inadvertent NaCl contamination. 
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water molecules bridge between two separate Li-ions, forming 

a dimer (see Fig. S17), giving Li+(B11H14)-·2H2O 

stoichiometrically, but forming Li2(B11H14)2·4H2O units in the 

solid-state. In the crystal structure, two half-molecules are in 

the asymmetric unit, resulting in two symmetry independent 

Li2(B11H14)2·4H2O 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) with less than 2 

water molecules in the unit LiB11H14·(H2O)n (n < 2). 

Solid-State Ionic Conductivity 

The solid-state ionic conductivity of MB11H14·(H2O)n (M = Li or 

Na) and KB11H14 before and after ball-milling (B.M.), along with 

NaB11H14·(C6H14O3)n, was assessed as a function of temperature 

as illustrated in Fig. 5. The liquid-state ionic conductivity of the 

widely-used ionic liquid electrolyte, 1 mol·L-1 solution of 1-ethyl-

3-methylimidazolium tetrafluoroborate (EMIBF4) with lithium 

tetrafluoroborate (LiBF4),44 is displayed for comparison. The 

activation energy of ionic conductivity was calculated based on 

the Arrhenius plot (Fig. 5) for each compound by: 

𝑙𝑛 𝜎𝑖𝑜𝑛 = 𝑙𝑛 𝜎𝑜 − (
𝐸𝜎

𝐾𝐵
)

1

𝑇
            (12) 

 

where σo is a pre-exponential factor (S·cm−1), Eσ the activation 

energy (J), KB the Boltzmann constant (1.3806 x 10−23 J·K−1), and 

T the temperature (K).45 The activation energy was calculated 

based on the slope of the plot of each material from 25 to 75 °C, 

except KB11H14 (before and after B.M.), which was measured 

from 70 to 100 °C. Nyquist plots of LiB11H14·(H2O)n, 

NaB11H14·(H2O)n, and KB11H14 at different temperatures are 

shown in Figs. S18 and S19. 

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 Å),35 the sample of KB11H14 shows a large 

activation energy (1.9 eV) that can only be significantly 

overcome at elevated temperature. Ball-milling the KB11H14 

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 KB3H8 (Eσ = 0.44 eV),46 K3(BH4)(B12H12) (Eσ = 0.37 eV)46,47 and 

KCB11H12 (Eσ = 0.82 eV),48  the K+ conductivity in the pristine 

KB11H14 reaches an ionic conductivity of 1.2 x 10−4 S·cm−1 at 150 

°C, whereas KB3H8 and K3(BH4)(B12H12) exhibit a K+ conductivity 

in the order of 10−7 and 10−6, respectively, at the same 

temperature.46,47 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 (~9.5 x 10−6 S·cm−1 and 6.7 x 10−6 S·cm−1, 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 KB11H14 above 

100 °C is a consequence of the polymorphic phase transition 

that the material undergoes, indicated by the DSC plot (Fig. 2) 

and in-situ XRPD data (Fig. S16), as discussed in the ‘Structural 

Characterization’ 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.20,22,48 

Temperature Programmed Photographic Analysis (Fig. S20) of 

KB11H14 was performed in order to check the condition of the 

pellet upon heating. The result reveals a slight volume 

Fig. 4. XRPD pattern for NaB11H14·(H2O)n 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 Kα source (λ = 0.7093 Å). 

Asterisks at 14.5°, 20.5° and 24.2° represent inadvertent NaCl contamination. 

Fig. 5. Solid-state ionic conductivity of NaB11H14·(C6H14O3)n, LiB11H14·(H2O)n (before and 

after B.M.), NaB11H14·(H2O)n (before and after B.M.), KB11H14 (before and after B.M.), and 

LiBF4/EMIBF4.44 
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expansion at ~120-140 °C, which is related to the reversible 

polymorphic structural transition (Fig. 2 and S16). 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. 5) of pristine and 

ball-milled KB11H14, as they represent artefacts of the 

measurement (full data set is presented in Fig. S21). 
Mechanical-induced modification is known to improve the 

cationic conductivity of other metal boron-hydrogen 

compounds, such as LiBH4,41 Li2B12H12,42 and Na2B12H12
49 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),42,50 reduction of the crystallite size, and/or 

stabilization of a potential disordered high-temperature 

superionic polymorph, which are all factors that boost the ionic 

conductivity of a material.49 However, ball-milling did not show 

significant improvement in the ionic conductivity of 

NaB11H14·(H2O)n and LiB11H14·(H2O)n. Besides that, the activation 

energy of pristine LiB11H14·(H2O)n (0.5 eV) has not considerably 

changed upon ball-milling (0.5 eV), whereas NaB11H14·(H2O)n 

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 

Å)35 has an ionic radius smaller than Na+ (six-coordinate Na+, 

1.07 Å),35 LiB11H14·(H2O)n requires more energy to promote Li+ 

migration and has lower ionic conductivity than 

NaB11H14·(H2O)n. The differences in activation energy could be 

explained by the coordinated water, which is more strongly 

bound to the more charge-dense Li+. 

The presence of a coordinated solvent to the cation also shows 

an important contribution to the conductivity properties of the 

material, as reported by Møller et al.51 As shown in (Fig. 5), 

NaB11H14 experiences a dramatic increase in cationic 

conductivity when replacing diglyme with water. 

NaB11H14·(C6H14O3)n has a high activation energy of 1.0 eV and 

an ion conductivity of 1.1 x 10−6 S·cm−1 at 25 °C, whereas 

NaB11H14·(H2O)n at the same temperature shows an outstanding 

result of 1.1 x 10−3 S·cm−1 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,52 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 Li2B12H12.51 

The coordination of LiBH4 with ammonia also increases its ionic 

conductivity, and it is proposed that NH3 facilitates the 

migration of Li+ through the lattice of LiBH4·1/2NH3.53 In a 

similar way, water molecules coordinated to Na+ may assist the 

diffusion of the cation through the crystal structure of 

NaB11H14·(H2O)n and contribute to its higher ionic conductivity 

and lower activation energy when compared to 

NaB11H14·(C6H14O3).  

Even though the presence of diglyme interferes with the ion 

conductivity, NaB11H14·(C6H14O3)n still exhibits higher ionic 

conductivities from 25 to 100 °C than other metal boron-

hydrogen compounds, such as Na2B10H10
54 and Na2B12H12,22 as 

shown in Fig. 6. Additionally, NaB11H14·(H2O)n exhibits 

considerably good cationic conductivity even at low 

temperatures, such as −40 °C (5.0 x 10−6 S.cm−1), as well as 

LiB11H14·(H2O)n, which shows an ionic conductivity of 1.8 x 10−6 

S·cm−1 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·(H2O)n and NaB11H14·(H2O)n exhibit a lithium 

and sodium conductivity of 2.4 x 10−4 S·cm−1 and 1.2 x 10−3 

Fig. 6. Arrhenius plots of ionic conductivities of LiB11H14·(H2O)n, NaB11H14·(H2O)n, and NaB11H14·(C6H14O3)n compared with other Li (left) and Na (right) single anion boron-hydrogen 

materials: LiCB11H12,62 LiCB9H10,9  LiBH4,22 Li2B12H12,63 LiNaB12H12,64 Li-7-CB10H13,21 NaCB11H12,62 Na2B12H12,22 Na2B10H10,54 NaBH4,54 Na-7-CB10H13,21 Na-7,8-C2B9H12,21  NaCB9H10.20 NaB11H14 

(A) and (C) are the commercial version of NaB11H14 that were obtained from two different batches,21 and (B) is a sample of NaB11H14 that was synthesised using decaborane.25 The 

solid lines represent the ionic conductivity of the materials synthesised in this work.
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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. 6 and S22). Additionally, they exhibit superionic 

conductivity upon heating, with Li+, and Na+ conductivities of 7.1 

x 10−3 S·cm−1 and 1.9 x 10−2 S·cm−1 at 100 °C for ball-milled 

LiB11H14·(H2O)n and NaB11H14·(H2O)n, respectively. 

LiB11H14·(H2O)n and NaB11H14·(H2O)n also exhibit higher ionic 

conductivity than other nido-anions, such as 7-CB10H13
− and 7,8-

C2B9H12
−,21 in the temperature range used in this study (Fig. 6). 

The incorporation of carbon to the nido-anion structure 

increases the charge polarization, and thus reduces its ionic 

conductivity.21 

The NaB11H14·(H2O)n 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 

NaB11H14 (A). The DSC (Fig. S12) and ionic conductivity results 

we obtain for NaB11H14·(H2O)n also match those for NaB11H14 (A) 

(Fig. 6). It is also clear that the ionic conductivity for 

NaB11H14·(H2O)n and NaB11H14 (A) is far superior to samples 

prepared in an alternative manner, NaB11H14 (B) and NaB11H14 

(C). NaB11H14 (B) is a sample of NaB11H14 that was synthesised 

using decaborane in a previous work,25 and NaB11H14 (C) is 

another commercial version of NaB11H14.21 Both present an 

orthorhombic crystal structure, which differs completely from 

the fcc polymorph that NaB11H14·(H2O)n and NaB11H14 (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 10−3 S·cm−1).  

Many solid-state electrolytes, including metal boron-hydrogen 

materials, may not present a wide electrochemical stability 

against Li or Na metal anodes.55 For instance, NaBH4 and LiBH4 

are stable up to ~2.0 V,10,55 whereas Na2B12H12 and Li2B12H12 

decompose at ~3.4 V.10,55 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 

LiB11H14·(H2O)n and NaB11H14·(H2O)n, a linear sweep 

voltammetry experiment as proposed by Asakura et al.56 was 

performed. 

Fig. S23 shows the linear sweep voltammograms of the 

electrolytes tested. NaB11H14·(H2O)n exhibits an oxidative 

stability limit at 2.6 V, which is the same as previously reported 

for NaB11H14.25 LiB11H14·(H2O)n demonstrated the first oxidation 

step at 2.1 V vs. Li/Li+, which might be associated to residual 

water,57 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 

Interestingly, no observed changes are noted in the XRD 

patterns of LiB11H14·(H2O)n and NaB11H14·(H2O)n (Fig. S24) after 

the second cycle of LSV. This implies a bulk stability of both nido-

boranes against Li and Na metal, respectively.58 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. 

The high ionic conductivity exhibited by LiB11H14·(H2O)n and 

NaB11H14·(H2O)n 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. S22 shows the Arrhenius 

plots of the ionic conductivities of some mixed-anion metal 

boron-hydrogen materials compared to LiB11H14·(H2O)n and 

NaB11H14·(H2O)n. As previously reported,9 the 0.7Li(CB9H10)-

0.3Li(CB11H12) mixed-anion system exhibits superionic 

conductivity at room temperature, 6.7 × 10−3 S·cm−1 (Fig. S22), 

however, this material is formed by a mixture of two metal 

carboranes that present lower Li+ conductivity than 

LiB11H14·(H2O)n at room temperature (Fig. 6) and higher cost. 

Na2(CB9H10)(CB11H12)59 and Na4C(B11H12)2(B12H12)57 are also 

formed by a mixture of metal boranes that individually exhibit 

lower ionic conductivity at 25 °C (Fig. 6) and higher cost than 

NaB11H14·(H2O)n. The hydrated sodium nido-borane even 

presents higher ionic conductivity than other mixed-anion 

compounds, such as Na4(B12H12)(B10H10)60 and 

Na3(BH4)(B12H12)61 (Fig. S22). 

It should be noted that the presence of solvated water in the as-

synthesised NaB11H14·(H2O)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 NaB11H14,21 

which raises doubts on their exact stoichiometry or purity. In 

previous research,25 heating NaB11H14 above 100 °C, results in a 

significant formation (~50% from NMR) of, what is identified 

here as, B11H13OH−. Based on our investigation of the synthesis, 

this by-product is only formed if the powder contains acidic 

hydronium (H3O+) cations, akin to previous research on B10H10
2− 

and B12H12
−.27 Possibly, the reported NaB11H14 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. 

Conclusions 

An optimised low cost procedure for the preparation of 

MB11H14·(H2O)n (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 NaB11H14 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
2−, precursor during synthesis, can also 

form the hydronium salt of B11H14
−, i.e. (H3O)B11H14. The 
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hydronium salt reacts upon heating / drying and releases 

hydrogen to form B11H13OH− as a side product. This important 

finding may explain some of the differing literature results on 

NaB11H14. The hydronium salt formation is more prevalent with 

smaller cations as KB11H14 is formed without this impurity. The 

presence of solvated water in powders of LiB11H14 and NaB11H14 

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, KB11H14 undergoes a reversible 

polymorphic phase transition upon heating / cooling between 

40 and 170 °C. The room temperature crystal structure of 

KB11H14 was solved in space group 𝑃1̅ and assume a high 

temperature face centred cubic polymorph (Fm3̅m) exhibiting 

increased ionic conductivity results. The crystal structure of 

LiB11H14·2H2O was indexed in C2/c, and upon dehydration, 

LiB11H14·(H2O)n (n < 2) exhibits a face centred cubic polymorph, 

which matches with the structure type seen for NaB11H14·(H2O)n  

at room temperature and β-KB11H14 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. 

LiB11H14·(H2O)n and NaB11H14·(H2O)n feature promising ionic 

conductivity at room temperature, 1.8 x 10−4 S·cm−1 and 1.1 x 

10−3 S·cm−1, 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·(H2O)n and NaB11H14·(H2O)n were 

identified as 2.1 V vs. Li+/Li and 2.6 V vs. Na+/Na, respectively. 

LiB11H14·(H2O)n and NaB11H14·(H2O)n 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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