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Abstract 

Composite solid-state electrolytes based on ball-milled LiBH4/SiO2 aerogel exhibit high lithium 

conductivities and we have found an optimal weight ratio, 30/70 wt% LiBH4/SiO2, with a 

conductivity of 0.1 mS/cm-1 at room temperature. We have studied the Li+ and BH4
- dynamics using 

Quasi- Elastic Neutron Scattering and solid-state Nuclear Magnetic Resonance and found that only 

a small fraction (~10%) of the ions have high mobilities while most of the LiBH4 shows behavior 

similar to macrocrystalline material. The modified LiBH4 is formed from interaction with the SiO2 

surface and most probably from reaction with the surface silanol groups. We successfully applied 

these composite electrolytes in lithium-sulfur solid-state batteries. The batteries show reasonable 

capacity retention (794 mAhg-1 sulfur after 10 discharge-charge cycles, coulombic efficiency of 

88.8% ± 2.7% and average capacity loss of 7.2% during the first 10 cycles). 
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1. INTRODUCTION 

During the last two decades, lithium-ion batteries have become a common type of rechargeable 

batteries due to their higher energy densities than lead-acid, nickel–metal hydride and nickel-

cadmium batteries.1 Growing energy demands require further increase in electricity storage 

capacities however this is difficult to achieve with the current Li-ion technologies as, despite large 

research efforts, only marginal improvements in the capacities of the electrodes materials are 

expected. Instead, new battery chemistries have to be developed and lithium-air and lithium-sulfur 

(Li-S) are some of the most promising, offering very high theoretical energy densities.2,3 

Lithium-sulfur batteries are forecasted as next generation batteries for mobile and automotive 

applications due to their high gravimetric energy density (1675 mAhg-1 sulfur at 2.15 V),4–10 up to 5 

times higher than the theoretical capacities of the state-of-the-art lithium-ion batteries, such as 

lithium iron phosphate ( “LFP”, 170 mAhg-1 at 3.4 V),10 lithium ion manganese oxide (“LMO”, 148 

mAhg-1 at 4.1V)11 and lithium nickel manganese cobalt oxide ( “NMC”, 170 mAhg-1 at 4.4 V).10 

Advantageously, and apart from this high theoretical capacity, Li-S batteries use sulfur in the 

positive electrode. Sulfur is one of the most abundant, and therefore cheap, elements in the earth’s 

crust,1 and furthermore it is benign and environmentally friendly. The overall electrochemical 

reaction in a Li-S battery can be written as: 

S8 + 16Li ⇄ 8Li2S; E0= 2.15V vs Li/Li+     Eq. 1 

 

However some obstacles have to be overcome in order to make the technology commercially 

available. One of the major challenges with Li-S batteries is the solubility of the intermediate 

polysulfides (Li2Sx, 4 ≤ x ≤ 8) in liquid electrolytes, and the resulting shuttle between the negative 

electrode and positive electrode resulting in low Coulombic efficiency and fast self-discharge. 12,13 

Various strategies have been employed to suppress the polysulfide shuttle. For example, surface 

modifications of the sulfur electrodes,12,14,15 S encapsulation 16 or utilization of membranes to block 
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the polysulfides.17 Each of these methods, while showing good improvements, is still at early stages 

of research and might induce large cost increases in the cell manufacturing. Therefore another 

strategy would be to replace the liquid electrolytes by fast ion-conducting solids.18–23 

A number of different materials have been investigated as potential electrolytes for solid-state 

lithium batteries, including oxide and oxinitride glasses, such as LiPON,24 LiGePS and LISICON.25 

LISICON and LiGePS compounds are good Li+ conductors (10-2-10-3 Scm-1 at room 

temperature)26,27 but are unstable against Li metal and their stoichiometry is difficult to control 

during the synthesis.27 Complex metal hydrides are also considered as possible electrolytes in solid-

state batteries.28,29 Lithium borohydride (LiBH4) is a complex metal hydride, which has been widely 

studied as a solid-state hydrogen storage material 30–32 and more recently as an electrolyte for solid-

state batteries.33–37 LiBH4 has two known polymorphs: a room temperature orthorhombic (Pnma) 

phase with a low ionic conductivity and above 393 K a hexagonal phase (P63mc), with a high ionic 

conductivity (~1 mS.cm-1).38 

Stabilization of the hexagonal phase, at room temperature, is possible via the formation of solid 

solutions with lithium halides, such as LiI, LiBr and LiCl.39–42 The solid solutions with LiI have 

high Li+ conductivity (1 mScm-1 at 333 K) 34,39 and performances of the lithium borohydride / 

lithium halide solid solutions as solid electrolytes have been studied in Li-ion batteries.41  

Confinement of LiBH4 in mesoporous silica scaffolds has also been proved to give electrolyte of 

high Li+ conductivity (0.1 mS.cm-1 at room temperature).43 The confined composites are stable at 

least up to 6V and when cycled at elevated temperature (up to 413 K). The performances of 

nanoconfined lithium borohydride have been studied in lithium-sulfur batteries.44 We have 

proposed that the fast lithium ionic conductivity originates from the existence of an interfacial layer 

between LiBH4 and the SiO2 walls of the mesoporous scaffolds 43 and following these results, Choi 

et al.,45 have investigated ball milled composites made of LiBH4 and two types of SiO2: MCM-41 
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and fumed silica and more recently studied LiBH4/Al2O3 composites 46 and reported conductivities 

comparable to the one we measured for nanoconfined LiBH4 in MCM-41. They also proposed, 

however without any direct method of investigations but using a percolation model that the high Li+ 

conductivity originates from the LiBH4/SiO2 interfacial layers formed during ball milling. One 

advantage of the synthesis method of Choi et al. is its simplicity. Indeed, nanoconfinement via melt 

infiltration requires high hydrogen pressure (up to 100 bar H2 during heating) 43 and high 

temperature (568 K), while ball milling can be performed, under inert atmosphere, at ambient 

pressure and temperature.  

In this paper we confirm and further investigate the origins of the high Li+ conductivity in 

composite solid electrolytes synthesized by ball milling LiBH4 and silica aerogel. We performed a 

detailed study on the ions mobility in the solid electrolyte using Quasi-Elastic Neutron Scattering 

(QENS) and Nuclear Magnetic Resonance (NMR) measurements. The results compare to the ones 

obtained for nanoconfined LiBH4 in different scaffolds and as a new fact for ball milled LiBH4/SiO2 

prove that not only the lithium mobility is increased but also that of BH4
-. This suggests that 

confinement effects like size reduction of the crystallites, induced strain etc., are not the most 

important to obtain high Li+ conductivity, but rather that the interaction at the interfacial layer, 

between the ionic salt and SiO2 via the reaction of BH4
- with the surface SiO2 silanol groups, is the 

key parameter. Thereafter, we demonstrate the possibility to build solid-state batteries around this 

composite electrolyte through successful cycling of lithium sulfur batteries at 328 K (55oC), 

reaching high energy densities, high degree of utilization of the sulfur and high coulombic 

efficiencies. 
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2. EXPERIMENTAL METHODS 

Preparation of Electrodes 

For all electrochemical measurements, the negative electrodes were prepared using lithium foil 

(Sigma Aldrich, 99.9%, thickness 40 µm). The positive electrodes were prepared from sulfur and 

carbon composites as described by Das, et al44 combining ball milling and melt-diffusion of S. 

Ketjen Black EC-600JD (total surface area 1400 m2/g with pore volume of 4.80-5.10 m3/g, 

Shanghai Tengmin Industry Co. Ltd.) and activated carbon Maxsorb MCS-30 (surface area 3000 

m2/g, Maxsorb, Japan) were mixed in weight ratio 1:1. Elemental sulfur (Sigma Aldrich, 99.9%) 

was mixed with the carbon blend (S:C weight ratio 45:55) by ball milling for 30 min (400 rpm, 

BRP 125:1) using a Fritsch Pulverisette P7 planetary ball mill. Tungsten carbide balls and stainless 

steel vials were used. After ball milling, the mixture was heated for 6 hours at 428 K with slow 

heating and cooling rates (0.2 K/min.) in a sealed vessel with Ar atmosphere. When the C/S 

composite cooled to room temperature, it was mixed with 15% polyvinylidene fluoride (PVDF) and 

the resulting mixture was dispersed in N-methylpyrrolidinone (NMP) and left for stirring overnight. 

The resulting slurry was tap casted on 0.2 mm thick aluminum foil and dried at 55˚ C for 24 hours. 

After that the foil with casted C/S composites was punched out as disks of 10 mm in diameter 

(resulting thickness of C/S layer 15 µm evaluated from FIB-SEM micrographs). The thickness of 

the electrode is small and there is no need to incorporate lithium ion conducting phase. Good 

interface and contact is established between the electrode and the electrolyte when pressing the cell 

during its assembly; this was proven by the charge/discharge cycling of the tested cells both herein 

and in reference 44 in which the same methodology was used. 

Preparation of Solid Electrolyte 

The solid electrolyte was prepared using LiBH4 powder (95% purity – Alfa Aesar) and SiO2 aerogel 

(99% purity – Sigma Aldrich) which was dried prior usage at 393 K for 12 hours in a vacuum oven 
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(Büchi, Switzerland). Mixtures of the two components were ball milled using a Fritsch Pulverisette 

P7 rotating at 500 rpm for 5 hours. 1.0 g of LiBH4 /SiO2 composites together with 5 tungsten 

carbide balls were loaded in stainless steel vials under Ar atmosphere.  

Batteries Assembly  

The batteries were manufactured using specially developed cells described by Das, et al44. The cell 

assemblies were performed in a glovebox under Ar atmosphere and from the top of the piston in 

layers, starting with lithium discs cut with a diameter of 10 mm at the negative electrode side, 

followed by 65 mg of solid electrolyte and a disc with C/S composite on the positive electrode side. 

After assembling the cell was pressed with 1.5 ton.cm-2. 

Electrochemical Measurements 

Once the batteries were assembled, they were placed into a climate chamber at 55oC, connected to a 

potentiostat (VMP3 - Bio-Logic SAS, France) and the Open Circuit Voltage (OCV) was measured 

for 1 hour. Thereafter, electrochemical impedance spectroscopy measurements (EIS) were 

performed before and after each charge/discharge cycle. EIS measurements were performed in the 

frequency range from 1 Hz to 1 MHz. The batteries were charged/discharged in the galvanostatic 

regime with current of 5 μA corresponding to a C-rate of 0.03 C based on the theoretical capacity of 

1675 mAh.g-1 sulfur. The cutoff voltages were 1.0 V for discharge and 3.5 V for charge. 

EIS measurements were also performed on composites LiBH4/SiO2 of different weight ratio in 

order to obtain the electrolyte with the best conductivity. EIS were measured by alternating current 

(AC) impedance spectroscopy using a PARSTAT 2273 potentiostat. The composite electrolytes were 

pressed into pellets of diameter 13 mm and thickness of ~1 mm in between two lithium foils (Sigma 

Aldrich Co., purity 99.9%) serving as non-blocking electrodes. A pressure of 1 ton/cm2 was used, 

giving a final porosity estimated to be around 0.3 to 0.4. All preparation and measurements were 

carried out under Ar atmosphere. The frequency range of the AC impedance measurements was set 
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from 100 mHz to 1 MHz. The pellets were cycled in temperature from 303 K to 413 K. Before each 

measurement point, a 60 minutes dwell time was used for the pellet temperature to equilibrate.  

Nuclear Magnetic Resonance Measurements 

The magic angle spinning nuclear magnetic resonance (MAS-NMR) spectra were recorded using a 

Bruker Avance III spectrometer with a 16.4 T magnet and using a 2.5 mm probe with a MAS 

frequency of 15 kHz. MAS-NMR spectra were recorded using a 7Li and 11B pulse powers of 130 

kHz and 100 kHz, respectively. Low power 1H continuous wave decoupling was used, where the 

decoupling power was optimized for best spectral resolution. 1H MAS-NMR spectra were recorded 

using the “Depth” pulse sequence47 to minimize background signals associated with the probe and 

rotor components. In these experiments a 1H pulse power of 110 kHz was used. The temperature in 

variable temperature experiments was calibrated using lead nitrate.48 

Quasielastic Neutron Scattering 

The Quasi-Elastic Neutron Scattering (QENS) measurements have been performed at IN16b, the 

backscattering spectrometer located at the Institut Laue-Langevin, Grenoble, France. We loaded 1 g 

of sample in aluminum flat cells of dimensions 30 × 40 × 0.5 mm3. The cells were oriented at 135° 

with respect to the direct beam. Si(111) monochromator and analyzer crystals were used in a back-

scattering geometry, giving a final neutron wavelength of 6.271 Å and an energy resolution of 1 

μeV. The QENS spectra were recorded by eighteen detectors corresponding to a scattering vector 

ranging from 0.50 to 1.96 Å−1 and at two different energy-transfer range ±5 and ±30 μeV. The 

spectra were analyzed by using the curve fitting utility (PAN) included in the DAVE package.49 7Li 

and 11B enriched LiBH4 (purchased from Katchem) was used to avoid the strong neutron absorption 

from natural lithium and boron. Raw data available at http://dx.doi.org/10.5291/ILL-DATA.7-03-

146. 
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3. Results and Discussions 

LiBH4/SiO2 composites Li+ conductivity  

Electrochemical Impedance Spectroscopy (EIS) measurements performed on the composite 

electrolytes yield Nyquist plots consisting of single, slightly depressed semi-circles (See Figure S1 

for a representative example). Although it suggests that only one process contributes to the ionic 

conduction, we cannot exclude that concurrent processes like bulk, grain boundary or conduction at 

the interface between LiBH4 and SiO2 exist but overlap in the Nyquist plots, as in this case it is not 

possible to separate these different contributions using only impedance spectroscopy.50,51 The 

Nyquist plots are fitted using (R-CPE) equivalent circuit models, i.e. a resistor and a constant phase 

element in parallel. The intersection of the semicircle with the Z’ axis in the low-frequency limit 

gives the pellet resistance, R, from which the electrolyte conductivity  is calculated. Figure 1 

summarizes, with Arrhenius plots, the evolution with the temperature of the conductivities of 

composites with different stoichiometries. 

 

Figure 1. Arrhenius plots of the Li+ conductivities obtained from EIS measurements on composites 

of different stoichiometry. Triangle ( ) 15/85wt% LiBH4/SiO2, diamond ( ) 25/75wt%, black 
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circles( ) 30/70 wt%, pentagons ( )40/60 wt%, gray circles( ) 50/50 wt%, black doubled 

triangles ( ) 90/10 wt%. 

 

All stoichiometry exhibit enhanced conductivity when compared to the conductivity of LiBH4, and 

the highest values, at any temperature below the phase transition of LiBH4, are obtained for the 

30/70wt% LiBH4/SiO2 composite (Figure 2). In a first approximation, the plots are considered as 

straight lines to extract apparent activation energies for the lithium conductivities however, for the 

larger LiBH4 contents, jumps in the conductivity at the phase transition (383 K) exist and in that 

case only the points before the jumps are considered. The jumps in the conduction, at the 

temperature of the phase transition of LiBH4, clearly illustrate that for lithium borohydrides rich 

composites, most of the LiBH4 is not modified by the presence of SiO2. For the middle range 

compositions the plot shows slight curvatures, ignored during the fitting, this is discussed in the text 

below, in the light of the NMR and QENS results. Choi et al. 45 have obtained similar results as the 

ones depicted in Figure 1 and Figure 2. 

 

Figure 2. Logarithm of the conductivities at 303 K, normalized to the conductivity at 303 K of 

macrocrystalline LiBH4, extracted from the Arrhenius plots of Figure 1 for composites LiBH4/SiO2 
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of different stoichiometries. Insert: activation energies for Li+ conduction extracted from the slopes 

of the Arrhenius plots of Figure 1. 

 

They reported the highest conductivity (10-4 Scm-1 at room temperature) for a composite with 55 

vol.% of SiO2 corresponding to our 30/70 wt% LiBH4/SiO2 ratio. We have obtained slightly lower 

conductivities, but also lower activation energies, ca. 0.35 eV for the 30/70wt% LiBH4/SiO2 

composition compared to the 0.43 eV reported by Choi et al. for an equivalent LiBH4/SiO2 

stoichiometry. The difference in the reported conductivities might be due to differences in the 

preparation of the composites and /or difference in the preparation of the pellets (pressure and 

method of preparation). It could also be due to the different silica used, presenting different particle 

sizes, surface areas and the presence of pores within the particles in the present study. The 

difference in the activation energy is not easy to understand. 

Quasielastic Neutron Scattering  
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Figure 3. Normalized intensities at the energy transfer of ±2 μeV for 30/70 wt% LiBH4/SiO2 during 

heating from 3K to 280K. The red crosses are the experimental data, the blue line results from the 

fit using Eq.2 with four Lorentzian (green, purple, dashed red and orange lines). 

 

In Figure 3, a plot of an inelastic fixed window scan (IFWS) is shown. It displays the sum over all 

accessible scattering vector, from 0.50 to 1.96 Å−1 of the intensities recorded at the energy transfer 

of ±2 μeV while the temperature was increased from 3 to 280 K. Similarly to IFWS measurements 

performed for unmodified LiBH4,
52

 the intensity increases to a maximum around 210 K and then 

decreases; however below that temperature two new local maxima are observed, at around 100 K 

and 140 K and above 210 K, the shoulder on the right of the main peak is better resolved. The better 

resolution of the shoulder compared to the published data52 could be due to different experimental 

conditions, heating ramp, amount of sample into the neutron beam or to the sample itself.  

Because the incoherent scattering cross section of hydrogen is much larger (80 barns) than that of 

any other of the composing atoms (7Li: 0.78, 11B: 0.22, Si: 0.015, O: 0 barns), the recorded quasi-

elastic signal must originate from the motion of the hydrogen atoms. Mobilities of the ions in 

borohydrides have been deeply studied with a special focus on Li+ and BH4
- mobilities in 

macrocrystalline or nanoconfined LiBH4.
53–63 Reorientational mobilities such as rotation about the 

2-fold and 3-fold BH4
- tetrahedral symmetry axes, tetrahedral tumbling and combination of those 

have been studied and documented using QENS. Confined LiBH4 in nanoporous materials has been 

found to display at least two quasielastic components attributed to slowly and fastly reorienting 

anions. The more slowly reorienting anions have been associated with a macrocrystalline-like type 

LiBH4, located outside or in the center of the pores while the more rapidly reorienting anions, to 

LiBH4 located close to the pore surfaces.64–66 In Figure 3, one can distinguish four quasielastic 

signals; two of lower intensity below 160 K and two of larger intensity above this temperature. The 

first two maxima can reasonably be attributed to species with the faster dynamics while the two last 

maxima can be attributed to anions behaving as in macrocrystalline LiBH4. The observation of two 
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distinct dynamics in the low temperature orthorhombic phase of LiBH4 has been reported in two 

NMR studies.53,67 Two motions with different activation energies were observed and assumed to be 

due to rotations around the C2 and C3 axes of the BH4
- tetrahedron. Our measurements corroborate 

these findings (see text below) and together with the results published by Remhof et al.52 are the 

first reports of such observation using QENS. In Figure 3, assuming that the observed quasielastic 

components would result in Lorentzian in the QENS spectra, as expected from BH4
- reorientational 

dynamics, the data have been fitted using the following expression: 

 

𝐼(𝑇) = ∑ 2 × 𝐼𝑛 ×  𝐿(2, 𝛤𝑛(𝑇))4
𝑛=1      Eq. 2 

 

where 𝐼𝑛 are the respective scaling parameters of the four Lorentzian and 𝐿(2, 𝛤𝑛(𝑇)) are their 

values at ±2 eV. 𝛤𝑛(𝑇), the full widths at half maximum of the Lorentzian are assumed to follow 

Arrhenius behaviors as expected for thermally activated atomic motions i.e:  

 

𝛤𝑛(𝑇) = 𝛤𝑛,0 × 𝐸𝑥𝑝(−
𝐸𝑛

𝑘𝐵.𝑇
)     Eq. 3 

 

where 𝐸𝑛 is the activation energy for the observed dynamics, 𝑘𝐵 the Boltzmann constant.  

In total 12 parameters were to fit and the starting graphically guessed values were set manually. A 

good fit was obtained with the values displayed in Table 1. 

 

Table 1. Obtained values for the fitting parameters of the ±2 μeV temperature scan (Figure 3) using 

Eq. 2 and 3. Last column: activation energy from fits of the Arrhenius plot in Figure 6.  

 

 𝐼𝑛 (𝑎. 𝑢. ) Γ𝑛,0 (eV) 𝐸𝑛(eV) Ea (eV) 

L1 6.8x10-7 300 0.037 0.041 

L2 6.8x10-7 160x103 0.126 0.14 
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L3 1.13x10-5 13x103 0.144 0.15 

L4 1.9x10-6 2x105 0.55 - 

 

QENS spectra were also collected in the temperature range from 3K to 290K and at two different 

energy-transfer windows ±5 and ±30 μeV. As expected from the IFWS, they consist of one elastic 

and one or two quasielastic components. The simultaneous, two quasielastic, components were seen 

only in the spectra taken with the 30 eV energy window. The elastic component comes from the 

incoherent scattering process with no detectable energy transfer while the quasielastic components 

reflect the energy transfer, either a gain or loss due to the hydrogen dynamics. Figure 4 displays 

some chosen QENS spectra recorded with the energy transfer windows of ±5 μeV. Clear increasing 

Lorentzian broadenings accompanied by loss of the elastic intensities, are visible when the 

temperature increases. A similar plot can be found in the supplementary information for the QENS 

spectra collected with the energy transfer windows set to ±30 μeV (Figure S2). It is noteworthy that 

in the elastic line, the contribution from the silica as to be taken into account as it participates to 

~10% of the signal intensity.  
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Figure 4. QENS Spectra for 30/70wt% LiBH4/SiO2, at Q=1.7239 Å-1 with a set energy transfer 

window of ±5 μeV and at, blue crosses: 80 K, Red triangles: 130 K, Green circles: 160 K, orange 

squares:200 K, Brown diamonds: 250 K.  

  

 

Figure 5. Fitted QENS spectrum for 30/70wt% LiBH4/SiO2, at Q=1.8466 Å-1 with a set energy 

transfer window of ±30 μeV. Black crosses: experimental data, green curve: resolution function 

(QENS at 3K), blue curve: first Lorentzian, orange curve: second Lorentzian. 
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Figure 6. Arrhenius plots of the full width at half maximum of the QENS broadening. Crosses: 

from the spectra measured with the 30 energy window, circles with the 5 eV energy window. 

The lines are the expected broadening obtained from the fit performed on the temperature scan 

(IFWS) displayed in Figure 3 and using the parameters presented in Table 1 

 

The Figure 5 exemplifies a fit with two Lorentzian for a spectrum taken at 160K, energy window of 

±30 μeV and Q=1.481 Å-1.  

The Figure 6 presents Arrhenius plots of the full width at half maximum (FWHM) of the 

quasielastic broadenings. The value, for a given temperature, is the average of the values obtained 

for all the detectors. Indeed the values were found to be Q-independent, as expected for localized 

dynamics (See Figure S3-S5 for the detailed values). They were obtained after the fits of the QENS 

spectra at different temperatures and for the two different energy transfer windows (5 and 30 

eV). For the low temperature spectra (80K to 140K and 5eV), the fits at low Q values (Q<0.7 

Å-1) were not reliable since only a small fraction of hydrogen atoms appears mobile within the time 

resolution of IN16B, giving only a negligible quasielastic contribution. Therefore, the FWHM 

values were extracted for Q>0.7 Å-1 only. In the middle range temperature (130 < T < 150 K ), the 

spectra were the most difficult to fit. In this temperature range there is an overlap of at least two 
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quasielastic broadenings and for example the dotted circle point seems to fall out of the series 

probably because the fit captured an average value between two quasielastic components. The lines 

on Figure 6 represent the expected values of the Lorentzian FWHM calculated from the fits of 

IFWS (Figure 3 and Table 1). One should note here the very good agreement between the 

Lorentzian widths obtained via the two approaches. It illustrates the importance to develop linear 

motor Doppler drives to perform such IFWS.68 In Table 1, the Activation energies extracted from 

the Arrhenius plots are also shown (the actual fitting lines are not shown in Figure 6 for clarity). 

The dotted circle was removed from the fits, otherwise all other points were kept and the three 

activation energies obtained are similar to the ones obtained from the fit of the temperature scan for 

L1, L2 and L3. L4 is not visible in the QENS spectra as it would give either a narrow component, 

included in the elastic line, or a broad component overlapping with L1 or L3.  

Due to their relative intensities in the QENS spectra (see text below about Elastic Incoherent 

Structure Factor) and IFWS, it is reasonable to attribute the dynamics observed with L1 and L2 to a 

small fraction of the total hydrogen atoms present in the composite, while L3 and L4 can be 

ascribed to the C2 and C3 reorientation of a larger fraction with slower dynamics and resembling 

macrocrystalline LiBH4. Indeed, the activation energy for L3 corresponds typically to the values for 

bulk LiBH4 in composite materials.64,65 The activation energy values obtained for L1 and L2 are 

respectively smaller and larger than the published values obtained for nanoconfined LiBH4 and 

attributed to fast reorientation of BH4
-.64,65 The dynamics observed were interpreted as isotropic 

rotational diffusion through a, combination of rotations, as found in the high temperature hexagonal 

polymorph of LiBH4.
65 These published activation energies could represent an average of the values 

obtained herein for L1 and L2 and thus L1 and L2 would then be attributed to the C2 and C3 

rotations of BH4
-. 
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Another possibility could be that L1 and L2 correspond to two different species dynamics, BH4
- as 

expected, but also BH3 (See text below on the possible existence of BH3). In such a case BH4
- could 

follow C2, C3 or isotropic diffusion resulting in L1 or L2, while BH3 would follow C3 rotation.  

 

 

Figure 7. EISF of 30/70wt% LiBH4/SiO2 at selected temperatures. Open symbols, from the fits of 

the QENS spectra obtained with the 5 eV energy window (triangles: 140, circles: 150, squares 

225, hexagons: 250 K). Other symbols from the fits of the QENS spectra obtained with the with the 

 30 eV energy window (plus: 225, asterisks: 250K, X: 290K). The dashed lines represent models 

for the BH4
- rotational diffusion, uniaxial jumps about the C2 or C3 axis (Equ.4). The upper line is 

for p=0.16, the lower line for p=1.  

 

The elastic incoherent structure factor (EISF) is the fraction of the total quasielastic intensity 

contained in the purely elastic peak. It is a measurable quantity evaluated as function of Q from the 

ratio of the integrated elastic intensity over the total scattered intensities. It may reveal the geometry 

of the observed dynamics. The Figure 7 displays some of the experimental EISFs, fitted with the 

models for C2/C3 hindered rotation as expressed in the following equation (the EISFs have the same 

expression for both rotation axis): 
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𝐸𝐼𝑆𝐹 = 1 − 𝑝 + 1

2
𝑝(1 + 𝑗0 (2√2

√3
𝑄𝑑))      Eq. 4 

 

With j0 the zeroth order Bessel function, d the B-H bond length and p the fraction of BHx (x=3 or 4) 

participating to the observed quasielastic signals.  

Fits for isotropic rotational diffusion (Eq.5),69 were also performed for the low temperature EISFs 

(T<150 K), not apply for the higher temperatures as it would give EISFs values below 0.2 for 

Q>1.5 Å-1and such low values have never been observed for LiBH4 in the temperature range used in 

this study. 

 

𝐸𝐼𝑆𝐹 = 1 − 𝑝 + 1

2
𝑝(1 + 𝑗0 (2√2

√3
𝑄𝑑))     Eq. 5 

 

When the EISFs contain contribution from the more and less mobile species, the splitting of the 

elastic intensity is not known a priori and therefore we did not separate them and calculate global 

EISFs. Reasonable fits are obtained for the high temperature EISFs (T> 160K) with p=1 and d=1.21 

Å the reported crystallographic B-H bond length in LiBH4.
70 For the fit at lower temperature 

(T<150 K), keeping d=1.21 Å constant, different values of p were found ranging from 0.06 to 0.1, 

for the isotropic diffusion (Eq .5) and from 0.1 to 0.16 for C2/C3 (Eq.4) and increasing with 

temperature from 80 to 150K. It shows that the fraction of highly mobile species (BH4
- and/or BH3) 

increases with temperature. However the obtained values suffer from rather large inaccuracies, 

mainly due to the difficulty to fit the QENS spectra with a low contribution from the quasielastic 

signal therefore, they should be considered as indicative only. In the temperature region where the 

contribution from the two populations are within the time resolution of IN16B, the EISFs deviate 

slightly from the model with p=1 as if the intensities of the quasielastic signal were underestimated. 

The origin for these deviations is not currently understood and needs further investigation.  
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NMR Measurements 

Figure 8 shows single-pulse excitation spectra of 7Li nuclei in 30/70wt% LiBH4/SiO2 electrolyte in 

the temperature range from 245 to 341 K. While for macrocrystalline LiBH4, the spectrum 

comprises a single Lorentzian peak,71 two peaks are observed for the composite. These two peaks 

can be fitted with Lorentzian functions as exemplified for the measurement performed at 341 K. 

The narrower component becomes even sharper with the increasing temperature (Figure 8 - right 

insert) as previously reported by Verkuijlen et al. for LiBH4 nanoconfined in mesoporous silica.71 

The broad component with a shift similar to the one for macrocrystalline LiBH4 is attributed to Li+ 

motions in unmodified bulk-like LiBH4, while the narrower component is attributed to more mobile 

Li+ cations from some modification of LiBH4. As reported by Verkuijlen et al., we observed no 

change in the relative intensities of the two components as function of temperature. (Figure 8 - left 

insert). This is in opposition to the NMR results reported by Shane et al. 72 and QENS results from 

Verdal et al.65 It is also in opposition to the QENS data reported herein but as already mentioned 

this might just illustrate the limited accuracy of the extraction of such quantities.  
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Figure 8. 7Li single pulse excitation spectra for 30/70 wt% LiBH4/SiO2 without 1H decoupling in 

temperature range from 245 to 341 K (top to bottom: 245, 265, 283, 320, 341 K). The orange and 

green dashed lines illustrate the fit (red dashed line) to spectrum recorded at 341 K – The blue 

dashed line shows the difference between fit and data. Left insert: relative intensities of two spectral 

components (orange: broad, green: narrow component). Right insert: line width of the two spectral 

components (orange: broad, green: narrow component).  

  

 

 

Figure 9. 11B single pulse excitation spectra for pure LiBH4 (green) and 30/70% wt% LiBH4/SiO2  

at 294 K (blue) and 341 K (orange) with 1H decoupling. 
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Figure 9 shows 11B single pulse excitation spectra for pure LiBH4 and 30/70% wt% LiBH4/SiO2 at 

294 K and 341 K with 1H decoupling. The 11B resonance for the 30/70 wt% LiBH4/SiO2 composite 

is clearly different than for pure LiBH4. At 341 K, two components are seen at -40.97 ppm and -

41.93 ppm for the composite while the spectrum for LiBH4 (at 294 K) shows a single resonance at -

41.50 ppm. Hwang et al.73 have observed the splitting of the central resonance in the 11B spectrum 

for LiBH4 in mesoporous silicates at temperatures above 373 K, i.e., when LiBH4 is in the 

hexagonal crystal structure. Verkuijlen et al. 71 have also observed a similar splitting for the 11B 

resonance, both with and without 1H decoupling, for LiBH4 nanoconfined in mesoporous silica but 

at lower temperatures, as low as 283 K. Their presented pattern without 1H decoupling is similar to 

the one given by Shane at al.74 for molten LiBH4 at 558 K. Un- reported so far is the presence of a 

third components at -41.50 ppm observed herein at 294 K for the composite. It suggests that beside 

of the two different population of boron, with high and low mobilities, an intermediate one exists. 
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Figure 10. 1H+ single pulse excitation spectra for pure LiBH4 (orange) and 30/70 wt% LiBH4/SiO2 

at 294 K (blue) and 341 K (green). Inserts, left: 30/70 wt% LiBH4/SiO2 at 294 K and fit with two 

Lorentzian, right: at 341 K with two Lorentzian.  

 

Figure 10 shows H+ single pulse excitation spectra for pure LiBH4 and 30/70 wt% LiBH4/SiO2 at 

294 and 341 K. While the 1H+ spectrum for pure LiBH4 shows a single peak at -0.2 ppm, the spectra 

for the composites show a superposition of a narrow central component and a broad component 

(See insert). This is similar to results from measurements reported by Verkuijlen et al. and Shane at 

al. who observed two components in the spectra for LiBH4 in mesoporous silica or carbon aerogel, 

respectively.71,72 They attributed the narrow component to more mobile hydrogen species than the 

one present in macrocrystalline LiBH4 resulting in the broader component. This suggests that in 

30/70 wt% LiBH4/SiO2, already at room temperature, a fraction of the H atoms move faster in the 

composite than in bulk LiBH4. For the composite, a peak at 4.2 ppm is observed. Such a peak has 

been attributed to impurities75 or to H2 gas trapped inside of solid LiBH4 as similar peak was 

observed in the case of H2 trapped in AlH3.
76 Hwang et al.,73 performing NMR measurements while 

heating a mixture of LiBH4 and SiO2, observed this ”H2 peak” and proposed a reaction ( Eq. 6) 

between the hydroxyl groups present at the surface of SiO2 and LiBH4, releasing hydrogen and 

occurring at about 373 K.  

 

SiOH + [BH4]
- →SiO- BH3 +H2     Eq. 6 

 

Hwang et al. also noticed the disappearance of the silanol peak (at 1.8 ppm), during heating of 

mixture of LiBH4 and SiO2. One can note that no peak is visible at 1.8 ppm in Figure 10 for the 

composite spectrum. The existence of O-B bonds, supporting the existence of a reaction between 

the hydroxyl groups and LiBH4, has been reported by Choi et al. 46 for LiBH4 ball milled with 
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Al2O3. Catalytic activity of the hydroxyl group in forming mobile species for NaAlH4 or NaH has 

also been reported,77 and similar reaction can be expected for LiBH4. In a recent work on 

LiBH4:P2S5 systems, Unemoto et al 78 suggested, from QENS measurements, that BH species could 

form from BH4
- anions, not only as BH3, but also BH2 and possibly BH. The difference between 

mobility of BH4
- (seen as mobile) and BH2 (seen as immobile) could explain the presence of the 

different populations in their QENS measurements. Explanation on the origin for these species was 

not given. 

Herein, QENS and NMR measurements give strong evidences of the existence of a phase with 

highly mobile species (Li+ and H), accounting for example to up to 10 (NMR) or 16% (QENS) of 

the LiBH4 content in the 30/70 wt% composite at temperature below or close to room temperature. 

Undoubtedly this phase is at the origin of the high ionic lithium conductivity since the rest of the 

LiBH4 is found to be, both from NMR and QENS but also from differential scanning calorimetry 

and X-Ray diffraction measurements (see Figures S8 and S9 in the supplementary information), in 

the low temperature crystal structure. The phase with highly mobile H/Li+, might originate from the 

interfacial layer formed between LiBH4 and SiO2 as previously stated.43 In agreement with Choi et 

al.,45 we find an optimal LiBH4/SiO2 composition with an optimal conductivity as a result of the 

competition between increasing the fraction of the interfacial layer, i.e. increasing the surface area 

of SiO2 by increasing its content and the necessity to have percolation network with a percolation 

threshold.  

Heterogeneous doping has been known for long time as efficient and rather general solution to 

improve ionic transport in solids and the existence of space charge layers has been a common 

approach to explain the conductivity enhancement resulting from the dispersion of insulating phases 

into ionic conductors. See for example the work from Liang.79 In the space charge layer model, at 

the interfacial layer, electroneutrality does not hold and large deviations of the ions concentration 
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might exist. LiBH4 is a Frenkel disordered ionic crystal,80 surface interactions between this ionic 

conductor and SiO2 would stabilize or destabilize the mobile ions on the surface sites, increasing the 

concentration of charge carriers, vacancies or interstitials ions in the space charge region. Surface 

interactions might lead to SiO-BH3 species, as depicted in Eq.6, and therefore contributes to 

increased conductivity of LiBH4/SiO2 composites. Choi et al. 46 report a larger density of B-O 

bonds in LiBH4/Al2O3 and show that the conductivity in this composite is twice as high the one of 

LiBH4/SiO2 which could be explain by the fact that Al2O3 has higher density of OH surface groups 

than SiO2 
81

 and to a lesser extent by the difference in particle size (5 nm and 7 nm respectively) and 

surface area. Surface charge density has an important role in formation of B-O bonds and increased 

Li ion mobility and therefore surface engineering of oxides, to increase the surface charge density, 

should improve the conductivity of the LiBH4 – oxide composites. 

On the basis of analysis of scanning electron microscopy images (see Figure S10 in supplementary 

information), we have evaluated the size of the silica domains to be 0.5-1 µm, sizes much smaller 

than the initial particle sizes (19-37 µm), the size reduction occurring during ball milling. From 

simple geometrical considerations, the thickness of the conductive layer, taken as 10 % of the total 

volume of LiBH4, is calculated to be of 2 to 4 nm. This is in agreement with the layer thickness 

calculated by Choi et al. 45 using the continuum percolation model developed by Roman.82 In this 

model, which describes correctly the macroscopic transport properties, three phases are assumed: 

the insulating particles, the highly conductive interfacial layer and the “normally” conducting one, 

i.e unmodified LiBH4. This macroscopic justification applies herein (Figure 11). For LiBH4 

nanoconfined in different mesoporous scaffold, of carbon or silica, a interfacial layer thicknesses of 

about 1 nm have been estimated 65,72 the thicker one being obtained for the silica based scaffolds.66  
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Figure 11. Macroscopic model for LiBH4/SiO2 conduction pathways. The spheres are SiO2 

particles surrounded by interfacial layers of high conductivity, embedded in porous LiBH4 matrix. 

The red lines can represent Li+ paths. Adapted from Roman.82  

 

Choi et al. obtained slightly higher conductivity for their composite electrolyte LiBH4/SiO2, using a 

different silica source, non-porous fumed silica vs porous aerogel, in this study. They measured the 

specific surface area, before milling, to be 362 m2.g-1, for 7 nm particles while for our purchased gel 

the surface area is given to be of 550 m2.g-1 but including the inner surface area of the pores. The 

pore volume is given to be 0.8 cm3.g-1 and of size 6 nm. Assuming spherical pores, we estimate the 

external surface area of silica gel to be of 150 m2.g-1. Thus, it is reasonable to assume that the 

fraction of interfacial LiBH4, in contact with SiO2 might be larger for fumed silica than for the gel 

and it results the observed conductivity difference. Here we assume that no or only a very small 

fraction of LiBH4 is confined in the pores of the silica gel, this is confirmed by the DSC and X-ray 

diffraction measurements (Figure S8 and S9). If a fraction of LiBH4 was nanoconfined one should 

observed a thermal event, corresponding the structural transition at lower temperature.43 Therefore 

we can conclude that the dominant effect, leading to high conductivities does not result from the 

effect of nanoconfinement, like size reduction of the crystallites or resulting strain but originates 

from interaction of the ionic conductor with the insulating phase.  

Again from simple geometrical consideration, assuming a number of surface hydroxyl group of 4 to 

6 per nm2,83 we evaluate that up 10% of the LiBH4, in the case of the 30/70 wt% composite, could 

for example react to form SiO-BH3 as depicted in Eq. 6. This value is probably over estimated; it 
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assumes that the temperature during ball-milling is high enough and that all the surface groups get 

in contact with unreacted LiBH4, however it indicates that the number of SiO-BH3 is not negligible, 

as illustrated by the possible third intermediate boron population found in the NMR spectra and the 

QENS results obtained at low temperature (T<150K) where L1 or L2 would be attributed to BH3 

dynamics.  

Charge-discharge cycling of solid-state Li-S batteries 

Ten charge-discharge curves for a Li-S battery with 30/70 wt% LiBH4/SiO2 electrolyte are shown 

in Figure 12 The discharge and charge plateaus show a slight slope unlike the flat plateaus found 

for Li-S cell with liquid electrolyte.84 The batteries exhibit on average an overvoltage of about 0.15 

V. As can be seen in Figure 12. the initial discharge is significantly longer than the following one 

and the cell exhibits a capacity of 3600 mAhg-1 which is more than double the theoretical capacity. 

During this initial discharge, two voltage plateaus can be observed: one at a higher voltage around 

2.3 V and one at a lower voltage around 2.1 V. This observation is similar to the unexpected high 

capacity observed for the Li-S batteries based on thio-LISICON 6 or nanoconfined LiBH4 
44  solid-

electrolytes and Li-Li4Ti5O12 batteries using LiBH4/LiI solid solution as electrolytes. 41 In case of 

the thio-LiSICON batteries, the high capacity was attributed to possible reactions of lithium with 

the carbon matrix of the positive electrode. During the second discharge, the cell reached a capacity 

of around 1500 mAh.g-1 of S which is 90% of the theoretical capacity. This is 100 time higher than 

the discharge capacity of the lithium titanate/LiBH4 –LiI/Li cells proposed by Sveinbjörnsson, et 

al..41 An average capacity loss of 7.2% was observed after each cycle and 35.8% of the capacity 

obtained during the second discharge was obtained during the fifth cycle. The insert in Figure 12 

shows an example of the evolution of the coulombic efficiency (CE) for a Li-S battery cycled at 

0.03 C and 328K.  
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Figure 12. Discharge-charge cycles for a Li-S battery with 30/70 wt% LiBH4/SiO2 electrolyte at a 

rate 0.03 C and 328 K. The insert shows evolution of the coulombic efficiency (CE) with increasing 

cycle number 

 

The high coulombic efficiency of 88.8% ± 2.7% (calculated average capacity loss) during the first 

10 cycles proves the reversibility of the electrochemical reaction induced during the 

charge/discharge cycles and since the voltage plateaus are very close to the theoretical one (1675 

mAhg-1 sulfur at 2.15 V) 4–10, we can exclude the existence of non-reversible electrochemical 

reaction (except for the first discharge). In fact, the fading capacity could be due to loss of contact 

as the electrolyte/electrode interface due to swelling of the positive electrode during cycling. 

Impedance of solid state Li-S batteries 

A Nyquist plot resulting from an Electrochemical Impedance Spectroscopy (EIS) measurement of a 

newly assembled Li-S cell is shown in Figure 13 (left). It is fitted with the equivalent circuit model:  

R1-(R2-CPE)-W (see Figure S11 in Supplementary information), where R1 accounts for any internal 

resistances except those of the electrolyte taken into account by the R2-CPE elements. The constant 

phase element (CPE) is used to model the capacitance within the electrolyte. The Warburg element 
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(W) models the finite-length diffusion of Li ions in the positive electrode.41 The minima point in the 

Nyquist plot gives the value of the overall cell resistivity (i.e. Rc = R1+R2). 

 

Figure 13. Left: Nyquist plot of EIS measurement of a newly assembled Li-S cell with 30/70 wt% 

LiBH4/SiO2 electrolyte. The measurement was performed before first discharge. Circles: 

experimental data, continuous line: fit. Middle: Nyquist plots of EIS measurements of a Li-S cell 

with 30/70 wt% LiBH4+SiO2 electrolyte. Right: Development of cell resistivity during cycling of a 

Li-S cell with 30/70 wt% LiBH4/SiO2 electrolyte. 

 

The portion of arc in the high frequency region (left of the minima) is the typical contribution from 

the electrolyte. It is possible that the arc consists of two or more overlapping components (bulk and 

grain boundary Li+ diffusion for example), 34 however they are not possible to separate with the 

current setup. Figure 13 (middle) shows the Nyquist plot for EIS measurements performed on a Li-

S battery with 30/70 wt% LiBH4/SiO2 electrolyte acquired after each of discharge and Figure 13 

(right) shows the evolution of the cell resistivity (Rc) with the cycles number read from Figure 13 

(middle). 

Rc for the freshly assembled cell was of 1.3 kΩ and upon cycling it increased to 1.45 kΩ after the 

first cycle and to 2.8 kΩ after 10 cycles. Rc increases linearly (~+10%) with the number of cycles 

therefore it is reasonable to assume that the electrochemical reaction taking place during the first 

cycle and giving to the cell a capacity more than two times the theoretical one, does not lead to the 

formation of a highly resistive Cathode Electrolyte Interface (CEI) as commonly observed in Li 

batteries with liquid electrolytes and resulting in capacity loss during the first cycles. 85 Further 
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work is needed to explain the origin of the high capacity during the first discharge of a Li-S cell. 

The steadily increase of the cell resistivity could originate from the loss of contact between the solid 

electrolyte and the electrodes because of the mechanical stresses imposed to the different 

components. On the negative electrode side there is the stripping and plating of metallic lithium 

while on the cathode side the redox of S gives large volume changes (a 289 % increase in molar 

volume due to conversion of S to Li2S).6 The increase in the cell resistivity, however, does not lead 

to a large Ohmic drop through the cell, calculated to be of about 1 mV after the last cycle, and 

therefore cannot explain fully the fading capacity. The charge and discharge curves in Figure 12 

exhibit sloppy plateaus instead of the expected flat plateaus. The ends of the discharge have steeper 

slopes than the charge curves and the slopes are getting stepper and stepper with the cycle numbers. 

This can probably be explained by contact issues between the sulfur electrode and the composite 

electrolyte and by the more and more difficult access for lithium to react with sulfur. The increased 

slope toward the end of the discharge curves probably arises because it would be natural for Li+ to 

first reacts with area where S is in good contact with the electrolyte and as the discharge proceeds, 

the sulfur reduction would take place in areas with ever less contact, resulting in an ever-greater 

overvoltage and consequently a steeper slope of the discharge curve. At the end, the fading capacity 

could be due to loss of contact at the electrolyte/electrode interface with less and less sulfur being 

available to react. 

4. Conclusions 

In this work we have investigated the origins of high Li+ conductivity in solid-state electrolyte 

based on ball-milled LiBH4/SiO2 aerogel. QENS and NMR measurements show the presence of two 

different LiBH4 fractions in the electrolyte, one exhibiting high lithium and hydrogen mobilities and 

which can account for high ionic conductivity of the electrolyte at room temperature. This modified 
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LiBH4 exists despite the absence of nanoconfinement and might result from the interaction with the 

silica surface via the reaction with the silanol groups. To further increase the conductivity it is clear 

that one should aim at maximizing the contact area between LiBH4 and SiO2, i.e use silica of larger 

surface area and optimizing the ratio between the borohydride and silica. A second and 

complementary strategy will be to functionalize and structured the surface of the insulating material 

to increase the density and nature of the active surface groups. 

The batteries have been cycled and show reasonable capacity retention (coulombic efficiency of 

88.8% ± 2.7% and average capacity loss of 7.2% during the first 10 cycles). Further work is needed 

to explain the origin of the high capacity during the first discharge of a Li-S cell, however the 

presumably formed CEI layer does not seem to be a major limiting factor during second and onward 

cycles. 

5. Supporting Information 

Example of an EIS - Nyquist plot obtained at 333 K for 30/70 wt % LiBH4/SiO2 and its fit. 

QENS Spectra at different temperatures (160, 200, 250K), for 30/70wt% LiBH4/SiO2, at Q=1.7239 

Å-1 with a set energy transfer window of ±30μeV. 

QENS spectra FWHM temperature dependency obtained from the fit of QENs Spectra for the two 

energy transfer window (±5 and ±30μeV) and at different temperatures. 

Differential scanning calorimetry of 30/70wt% LiBH4/SiO2 and LiBH4. 

X-ray powder diffraction pattern taken for 30/70wt% LiBH4/SiO2 and LiBH4. 

SEM image of the surface of a pressed 30/70% wt% LiBH4/SiO2 pellet 

The equivalent circuit used for modelling impedance spectra of Li-S cells. 
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