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Abstract

This study shows a flexible system that offers promising candidates for Li-based solid state
electrolyte. The Br  substitution for BH,4 stabilizes the hexagonal structure of LiBH,; at room
temperature, whereas ClI" is soluble only at higher temperatures. Incorporate chloride in hexagonal
solid solution lead to increase the energy density of the system. For the first time, a stable
hexagonal solid solution of LiBH,4 containing both CI” and Br- halide anions has been obtained at
room temperature (RT). The LiBH,4-LiBr-LiCl ternary phase diagram has been determined at RT by
X-ray diffraction coupled with a Rietveld refinement. A solubility of up to 30% of CI" in the solid
solution has been established. The effect of the halogenation on the Li-ion conductivity and
electrochemical stability has been investigated by Electrochemical Impedance Spectroscopy and
Cyclic Voltammetry. Considering the ternary samples, h-Li(BH4)o7(Br)o2(Cl)o1 composition
showed the highest value for conductivity (1.3 x 10> S/cm at 30 °C), which is about three order of
magnitude higher than that for pure LiBH4 in the orthorhombic structure. The values of Li-ion
conductivity at room temperature depend only on the BH,4 content in the solid solution, suggesting
that the Br/Cl ratio does not affect the defect formation energy in the structure. The chloride anion
substitution in the hexagonal structure increases the activation energy, moving from about 0.45 eV
for samples without CI ions in the structure, up to about 0.63 eV for h-Li(BH4)o6(Br)o.2(Cl)o2
compositions, according with the Meyer-Neldel rule. In addition to increasing Li ion conductivity,
the halogenation increase also the thermal stability of the system.

Unlike for the Li-ion conductivity, Br/Cl ratio influences the electrochemical stability: a wide
oxidative window of 4.04 V vs. Li*/Li is reached in the Li-Br system, while further addition of Cl is
a trade-off between oxidative stability and weight reduction. The halogenation allow both binary
and ternary systems operating below 120 °C, thus suggesting possible applications of these fast ion

conductors as solid-state electrolyte in Li-ion batteries.
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1. Introduction

One of the main goals in the current Li-ion battery research is to increase safety and energy density.
Nowadays, electrolytes typically consist of lithium salts dissolved in flammable organic solvents,
for example in diethyl carbonate (DEC) or tetrahydrofuran (THF).! Improved solid electrolytes
(SEs) would facilitate the development of a number of emerging technologies, such as all solid-state
batteries (SSBs).>* In fact, owing to a very low reduction potential, Li metal is the most desirable
anode for high-power applications, but its use in conventional batteries is hampered by the uneven
Li plating that results in dangerous shortcuts. SEs could prevent dendrite growth, hence
overcoming the risks associated with flammable organic solvents and increasing the life time of the
device.’

Various types of crystalline solid-state ion conducting materials are known, such as Li,NH,®’

LISICON-type structures,? oxides, such as lithium lanthanum titanate (LLTO),> *

with a perovskite
crystalline structure and NASICON-type structures.’*'* Recently, also complex hydrides were
suggested as solid-state electrolytes.’>*® LiBH, is lightweight material (0.666 g/cm®) and, although
used as a strong reducing agent it has a large electrochemical window, being electrochemically
stable up to 5 V vs. Li*/Li."> It shows a polymorphic transition from an orthorhombic unit cell at
room temperature, space group (s.g.) Pnma, to an the hexagonal unit cell, s.g. P6;mc,*® above 110
°C. Despite the hexagonal polymorph having a remarkable ionic conductivity (~10~3 S/cm at 120
°C), the orthorhombic low temperature phase is much less conductive with o amounting to 1078
S/cm at 30 °C making a room temperature (RT) battery target unviable.?

An essential requirement for a solid-state ion conductor to be used as an electrolyte in a Li-ion
battery is a high ionic conductivity at RT. Generally speaking, any solid with an ionic conductivity
higher than 10~3 S/cm and an electronic conductivity lower than 10~7 S/cm, can be called as fast

ion conductor.?*? lonic conductivity (c) is an intrinsic property describing charge transport by ion

diffusion in the presence of an electric field.?® The mechanism of ion conduction in solids can be
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described as a thermally activated jump of ions in point defect sites (either vacancies or
interstitials), which was first described by Frenkel, Schottky and Wagner.?* The temperature
dependence of ionic conductivity (o) can be described by:
a(T) = 22 e FalksT 1)
where E, is the activation barrier for the jump, oo is an Arrhenius pre-exponential factor, kg is the
Boltzmann constant and T is the temperature. The activation energy (Ea) for ion migration is
composed by two terms, Ea = En, + E#/2,272" where Ey, is the migration energy barrier and E; is the
formation energy of the intrinsic defects.

Many studies showed that substitution of BH4™ anion for halides (e.g. I and Br’) or complex anions
(e.g. NH2 and NH?) can either stabilise the hexagonal structure at lower temperatures or promote
the formation of new compounds with improved ionic conductivity at RT.*>?*3? Considering the
halogenation, the stabilization of the hexagonal solid solution increased the defect formation
energy.®® LiBH,-Lil hexagonal solid solutions showed a high conductivity at RT. As an example, a
Li-ion conductivity of ~10~* S/cm was measured at 30 °C for a mixture with 25 mol% of Lil.**
Fast lithium ion conductivity is also retained in Li(BH4);—xBrx (0.29 <x< 0.50) hexagonal solid
solutions, although the conductivity is reduced as the bromide content increases above x=0.29.%
The two complex hydrides, Li,(BH4)(NH,) and Lis(BH4)(NH>)s, exhibit lithium-ion conductivities
higher than 10~* S/cm at RT.>*% Another approach is to increase the ionic conductivity of LiBH.
by mixing it with oxides or by means of nanoconfinement.*”*
As described above, halogenation represents a successful strategy to stabilize the LiBH,4 conducting
phase at RT. However, the ionic conductivity alone is not sufficient for designing effective SEs, but
it must be flanked by an elevate (electro)chemical compatibility between SE and electrodes. Indeed,
conceiving SEs with a large voltage window, allows the use of high-energy positive electrodes, thus
increasing the overall amount of energy of the cell,* which is nowadays considered the main

bottleneck for the development of SSBs.*!
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The aim of this work is to obtain novel solid-state fast ionic conductors based on the hexagonal
structure of LiBH,4. As described above, halogenation represents a successful strategy to stabilize
the LiBH,4 conducting phase at RT. However, only the heavy Br and I anions seems to achieve this
task, while the use of the lighter CI" would be preferred. For this reason, in order to reduce the mass
of the electrolyte in solid-state batteries, which is a key parameter to achieve a high energy density,
the ternary LiBH,-LiBr-LiCl phase diagram is investigated in this paper and it is discussed herein.
An insight on the system is presented, in order to understand phase stability and the solubility limits
of the hexagonal solid solution. Once the phase diagram has been defined a complete
electrochemical characterization as a function of the halogen content has been performed, in order
to assess how halogenations affect the operational voltage window. The combination between
structural and electrochemical characterizations provide an efficient tool for screening among the

ternary phase diagram the more promising candidates as SE for Li-based SSBs.
2. Experimental

2.1. Synthesis

LiBH,4 (purity >95% from Sigma-Aldrich), LiBr (purity >99% from Sigma-Aldrich), LiCl (purity
>99% from Merck) and Lil (purity >99% from Sigma-Aldrich) were mixed in different ratios, as
reported in Table 1 and Figure S1 (Supplementary Information). Before mixing, LiCl and LiBr
were dried at 120 °C in a furnace under dynamic vacuum. All manipulations were performed in an
argon-filled glovebox (MBraun Lab Star Glove Box supplied with pure 5.5 grade Argon, <1 ppm

0,, <1 ppm H,0).

Sample Name Composition (Molar Fraction)

LiBH, LiBr LiCl
sl 0.33 0.33 0.33
s2 0.38 0.33 0.29
s3 0.38 0.33 0.29
s4 0.50 0.50
s5 0.80 0.20
s6 0.70 0.30
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Sample Name Composition (Molar Fraction)

s7 0.60 0.40

s8 0.50 0.50

s9 0.40 0.60

s10 0.60 0.20 0.20
s11 0.22 0.58 0.20
s12 0.22 0.19 0.59
s13 0.60 0.10 0.30
s14 0.21 0.69 0.10
s15 0.40 0.50 0.10
s16 0.40 0.40 0.20
s17 0.49 0.41 0.10
s18 0.50 0.30 0.20
s19 0.50 0.20 0.30
s20 0.60 0.30 0.10
s21 0.70 0.20 0.10

Table 1. Composition of the investigated samples.

An equimolar mixture of LiBr and LiCl (sample s4) was prepared to verify the Vegard’s law in the
LiBr-LiCl binary system*? (see Supplementary Information). To confirm the miscibility range of
(LiBH4)1x(LiBr)y, a batch of binary samples were prepared in the 0.4<x<0.8 composition range
(samples s5-59).

A Fritsch Pulverisette 6 planetary mill was used to ball mill the reactants under argon atmosphere in
80 mL tungsten carbide vials, with tungsten carbide balls (10 mm o.d.) and a balls-to-sample mass
ratio of 30:1. In order to optimize the synthesis conditions, the sample s3 was milled for different
times. All mixtures were then ball milled (BM) for 1,5 hours at 350 r.p.m., in periods of 10 min
separated by 2 min breaks, to minimize possible heating effects (see Supporting Information). In
order to reach the equilibrium conditions, all samples were annealed (AN) at 250 °C for 2 or 4 h
(Figure S1) in a quartz tube under static vacuum, with a heating/cooling rate of 5 °C/min.

2.2. Characterization

2.2.1. X-ray Powder Diffraction (XPD)
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The as-milled and annealed powders, were characterised by XPD at RT using a Panalytical X-pert
Pro MPD (Cu Ky = 1.54059 A, K, = 1.54446 A) in Debye-Scherer geometry. Patterns were
collected from 10° to 70° 20 range, with a step size 0.016, a time step of 60 s for a total of 30 min
per scan. 0.5 mm glass capillaries were filled with the sample powder and sealed under Ar
atmosphere. The Rietveld refinement of diffraction patterns has been performed using the MAUD
(Materials Analysis Using Diffraction) software,® considering Rwp and y as indicators for the
quality of the fitting.
2.2.2. Attenuated Total Reflectance Infrared Spectroscopy (ATR-IR)

Infrared spectra were collected in Attenuated Total Reflection mode with a Bruker Alpha-P
spectrometer, equipped with a diamond crystal. The instrument was placed inside a nitrogen filled
glove-box. All spectra were recorded in the 5000— 400 cm™* range with a resolution of 2 cm™.
Reported data are an average of 64 scans.
2.2.3. High-Pressure Differential Scanning Calorimetry (HP-DSC)
A 204 Netzsch HP-DSC was used to analyze the thermal stability of the samples, avoiding
decomposition and obtaining accurate value of phase transformations temperature and enthalpies.
The calorimeter was placed inside an Ar filled glove box, to ensure sample handling under inert
atmosphere. Approximately 5-10 mg of sample was loaded into closed aluminium crucibles with a
lid. Samples were heated and cooled in the desired temperature range at 5 °C/min under 10 bar of
Ho.
2.2.4. Electrochemical Impedance Spectroscopy (EIS)
The Li-ion conductivity was measured by means of EIS using a HP4192A LF impedance analyser
(frequency range 5 Hz + 2 MHz, applied voltage 10 mV) and a Novocontrol sample cell BDS 1200.
Samples were compacted into pellets (diameter 10 mm, thickness 0.2-0.6 mm) with an axial
hydraulic press at about 60 MPa. Gold disks were used as blocking electrodes. EIS was performed

every 10 °C in the temperature range RT < T < 150 °C. Two cycles were performed and analysed
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for selected samples in order to verify the reproducibility of the measurements. Impedance data
were analysed via the EqC software,* following the data validation described in ref.*> All fits
performed resulted in xz <10

2.2.5 Cyclic Voltammetry (CV)

The electrochemical stability was measured by means of CV. The samples were prepared by mixing
the desired compound with the carbon black (CB, Ketjenblack EC600JD, Akzo Nobel Chemicals)
into an agate mortar (20:1 weight ratio). Then a two layer pellet was created with 8 mg of such mix
and 25 mg of the pure compound, by cold pressing into an axial hydraulic press, at 240 MPa
(diameter 6 mm). The obtained pellets were therefore tested in a 2-electrode %” PTFE Swagelok-
type cell, with a lithium disk as counter and reference electrode and with a gold disk as current
collector, in contact with the sample+CB side of the pellet. The cells were tested into a Biologic
MPG-2 after 24 hour rest at the desired temperature. CV measurements have been performed into a

voltage region -1<V<5 V vs. Li*/Li, at a scanning rate of 0.5 mV/s.
3. Results and discussion

3.1 Structural characterization

Figure la shows XPD patterns of a LiBH4-LiBr-LiCl equimolar mixture (sample s1) after BM
(bottom) and after AN (top). After ball milling (BM), the high temperature hexagonal phase of
LiBH, is already stabilized at RT, but main diffraction peaks of the orthorhombic phase, stable at

RT, are still present in the pattern.
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Figure 1. (a) X-ray diffraction patterns of sample s1 after ball milling (bottom) and after annealing (top). (b)
HP-DSC trace of sample sl after ball milling. The solid and dash-dot lines show the results of the first

heating and cooling ramps, respectively, while the dash line refers to the second heating ramp.

The relative amount of the hexagonal phase cannot be directly determined by Rietveld analysis at
this stage, since its composition is unknown. Nevertheless, it is hereby confirmed that a
mechanochemical treatment of the LiBH,-LiBr-LiCl system allows the stabilization of the high
temperature hexagonal phase at RT. However, the presence of XPD peaks related to LiBr and LiCl
Fm3m cubic phase (a = 5.50 A and a = 5.14 A, respectively) denotes an incomplete solubilisation
of halide anions.

The calorimetric analysis of the sample s1 after BM (Figure 1b) shows an endothermic peak due to
the phase transition of LiBH, at 113 °C (peak temperature), confirming the presence of residual
orthorhombic LiBH, in the ball milled mixture. The peak integration provides an enthalpy of
transition of 1.5 kJ/mol. This value corresponds to about 28% of the tabulated value (5.3 kJ/mol),*
indicating that most of LiBH, is already in the hexagonal phase after BM. The observed phase
transition is irreversible, suggesting that a heating up to 300 °C is suitable to promote the complete
stabilization of LiBH, in the hexagonal phase as solid solution. In fact, XPD performed after AN

(Figure 1a), does not show any diffraction peak related to the orthorhombic phase.

10



Gulino et al. — Phase Stability and Fast lon Conductivity in the Hexagonal LiBH,4-LiBr-LiCl Solid
Solution

Bragg peaks of the hexagonal solid solution after AN are shifted to higher 26 values compared
those observed after BM (Figure 1a), suggesting a contraction of the unit cell.

In the XPD pattern obtained after AN, a cubic phase corresponding to the Li(Br);-.(Cl). cubic solid
solution is still present, with a lattice parameter (a = 5.25 A) lying between those of pure LiCl and
LiBr compounds. Having verified that Vegard’s law holds for such system (see Figure S2 in
Supporting Information), the composition of the cubic solid solution resulting from the value of the
lattice parameter corresponds to LiBrg2sClo 7.

In order to calculate the composition of the hexagonal solid solution in the mixture, the following
molar balance has been solved:
f X Li[aBr-BCl-(1—a—B)BH,|+ (1 —f) X Li[eCl-(1—¢)Br] =1 2
where f and (1 — f) are the molar fractions of the hexagonal solid solution Li(BHa)1-.-s(Br)«(Cl)p
and of the cubic solid solution Li(Br);-(Cl)., respectively; a, g and (1 — a — ) are the molar
fractions in the hexagonal structure, i.e. occupancy, of Br’ CI" and BH, anions, while € and (1 — ¢)
refers to molar fraction of Br and CI" in the cubic structure of the Li(Br).(Cl). solid solution.
Equation (2) is not solvable with a linear method. In order to overcome this problem, a self-
consistent iterative method has been applied. To start with, the occupancy of CI" (B) in the
hexagonal structure has been taken equal to 0.2 and the composition of Li(Br);(Cl). cubic solid
solution, calculated from the lattice parameter as mentioned above, has been fixed (i.e. € =0.72). In
this way, the equation f X a + (1 —f) X 0.28 =f x B+ (1 — f) x 0.72 = 0.33 has been solved
to obtain a starting value for the occupancy of Br  (a) in the hexagonal structure. The estimated
compositions of both phases (i.e. a, f and ¢ values) have been used as starting parameters for
performing the Rietveld refinement.

For the Rietveld refinement of the XPD patterns, the structural model of the hexagonal polymorph
of LiBH, (P6smc) was used to describe the structure of h-Li(BHas)1-.-p(Br)«(Cl)g solid solution,

where Br and CI" ions were constrained to lie on the same boron position (2b Wyckoff site). The
11
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value of the molar fraction (f) obtained from the refinement has been then used in equation (2) to
obtain a new starting value for a. The process has been repeated recursively until a convergence
was reached, leading to a relative phase fraction and compositions corresponding to 14 wt.% of c-

LiBro2sClo.72 solid solution and 86 wt.% of h-Li(BH4).39Bro.33Clo2s (Figure S3).

The lattice parameters of the hexagonal phase, obtained from the Rietveld refinement of the XPD
pattern after AN, are a = 4.12 A and ¢ = 6.57 A, corresponding to a cell volume equal to 96 A% .The
value of cell volume of pure h-LiBH, at RT has been evaluated equal to 106 A3 using the
experimental value of 114 A obtained at 262 °C,*’ and a volumetric thermal expansion coefficient
of 2.9 x 10~* K™% A contraction of the cell volume of the hexagonal solid solution is expected
after halogenation, due to the smaller ionic radii of CI" (r(CI") = 1.81 A) and Br (r(Br) = 1.96 A)*
compared to that of BH4 (r(BH4) = 2.03 A)**™. So, from the observed cell volume contraction of
about 9%, a successful halogenation in the hexagonal solid solution is confirmed for the AN
sample.

On the basis of the calculated compositions of the hexagonal solid solution in sample sl1, a
(LiBH4)0.39(LiBIr)o 33(LiCl)o2s (sample s2) mixture has been synthetized to obtain a single phase
hexagonal solid solution. Figure 2a shows the XPD diffraction patterns of the BM and AN
samples. The result of the Rietveld refinement of AN sample is shown in Figure 2b. In the pattern
of sample after BM, diffraction peaks of o-LiBH, are not present, indicating that all LiBHj, is in the
hexagonal phase. In fact, in the HP-DSC trace of sample BM, the endothermic peak due to the
phase transition of LiBH, is not present, confirming that all LiBH, is in the hexagonal phase after
the mechanical treatment (Figure S4).

As evidenced in the XPD pattern of s2 sample AN (Figure 2b), the estimated limit of solubility for
the ternary solid solution is confirmed by the presence of a basically single hexagonal phase (i.e.

only 2 wt.% of LiBry3sCloe is still present). For the first time, a single hexagonal solid solution of

12
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h-LiBH, containing two different halide anions (Br  and CI) has been obtained at RT. The stability
of the solid solution was evaluated over time, i.e. after about one-year, at RT and a very similar X-
ray diffraction pattern was obtained for the sample s2, indicating long-term stability of the solid

solution (Figure S5).

a) ° b) -~ Experimental pattern
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Figure 2. a) X-ray diffraction patterns of (LiBH4)q39(LiBr)o33(LiCl)o28 mixture (sample s2) after ball milling
(bottom) and after annealing (top). b) Results of the Rietveld refinement of sample s2 after AN (Rwp=8.34

%, y=1.65).

In order to study the changes in the vibrational properties of lithium borohydride, due to the
stabilization of the hexagonal phase by halide additions, IR-ATR spectroscopy was performed on
AN sample s2 and the result is shown in Figure 3, together with the spectrum for pure o-LiBH,. In
fact, changes in the IR-ATR spectrum reflect a change in the site symmetry of the BH, anions, due
to the formation of a solid solution.

The isolated BH, anion has an ideal tetrahedral symmetry, T4. However, the vibrational modes are
split in the crystalline state due to lowering of the site symmetry from T4 to Cs, i.e. the degenerate
fundamental modes #,, ¥, and 7, split into several components.*>® The IR-ATR spectrum of as-
received o-LiBH, shows two main sets of IR absorption bands, due to B—H stretching (2400-2000

cm* region) and B-H bending (1600-800 cm™* region) vibrational modes, as reported in the

13
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literature.>***>" In h-LiBH, structure, the BH,4™ anions have Cs, site symmetry and #; has only two
components, while the mode ¥, is doubly degenerate.”® Therefore, the changes in the spectrum of
hexagonal solid solution could be related to the change of BH,4 site symmetry.

The IR-ATR spectrum of sample s2 after AN shows differences in the BH, bending and stretching
regions with respect to the spectrum of o-LiBHy, i.e. a decrease of the number of the components
related to ¥, and 7; fundamental modes (Figure 3). A similar behaviour has been observed by

I°7 substitutions.

Rude et al. for the hexagonal phase of LiBH, stabilized at RT by Br>? and
Furthermore, new peaks are present at ~1170 cm™, 1020 and 958 cm™, indicating a slight shift of
the fundamental modes of BH, owing to the presence of Br' and CI" anions, according to the

literature.**’ Finally, it is worth noting that pure halides vibrational modes cannot be observed in

the investigated spectral range.

1170 cm™ 1020 cm™

h-Li(BH,)

BrO.SJCI

0.39

0.28 v

o-LiBH,

— T a4 - F 1T € " T & -0 0 7
2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800
Wavenumber (cm")

Figure 3. IR-ATR spectrum of pure LiBH, (bottom) and sample s2 after AN (top). IR active modes are

indicated in the figure and described in the text.

Usually, both mechanical and thermal treatments are necessary to obtain a single lithium
borohydride-halide hexagonal solid solution.’**"® However, after 24 h of milling, a complete solid

solution h-Li(BH4)o.667Bro33s was successfully obtained by Sveinbjornsson et al.® In order to
14
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investigate the feasibility to form a 3-anions hexagonal phase only by mechanochemistry, the same
composition of the sample s2 was ball milled for different times (sample s3). Figure S6 shows the
effect of the increasing milling time on the formation of the hexagonal solid solution. After 1 h of
milling, the hexagonal solid solution is already formed, as observed for sample s2. Upon further
milling, the progressive dissolution of LiBr and LiCl into h-LiBH, is observed, as evidenced by a
gradual intensity decrease of Bragg peaks of halide phases. The mechanochemical treatment alone
failed to promote the complete solubility of both Br" and CI" halide anions in the hexagonal solid
solution. In fact, even after 41 h of ball milling, residual Li(Br).(Cl). is still present, which
disappears after annealing (Figure S6).
A small difference in ionic radius is promoting the formation of solid solutions.”® Indeed, for
LiBH4-Lil and LiBH,4-LiBr systems, that have similar anionic radii, a significant miscibility is
expected and confirmed experimentally, with the stability of the hexagonal phase at RT.32%%25" On
the other hand, CI” anion is miscible in h-LiBH, only at temperatures close to 100 °C.%° In fact, the
radii of BH, and CI” differ significantly. It can therefore be concluded that the presence of Br™ in the
solid solution promotes the CI” solubilisation.
The occurrence of a negative enthalpy of mixing (AHmix) promotes the formation of a solid solution,
as in the case of LiBH4-Lil and LiBH.-LiBr systems.***’ In addition, from ab-initio calculations, a
negative AHmix has been also estimated for the LiBH4-LiCl hexagonal solid solution,*®® however
insufficient to stabilize the hexagonal solid solution at RT. On the other hands, the entropy of
mixing (ASmix) in a solid solution increases with the number of different anions. As a consequence,
a more negative free energy of mixing (AGmix=AHmix-TASmix) is expected in the hexagonal solid
solution for the LiBH4-LiBr-LiCl system with respect to the binaries, making it stable at RT.
3.2 Solubility limits in the LiBH,4-LiCI-LiBr system

In order to have an optimized control of the synthesis process and to obtain single phase samples,

the solubility limits at RT of the hexagonal solid solution in the LiBH4-LiCI-LiBr system have been
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investigated. Several samples prepared by BM + AN (Table 1 and Figure S1) have been analysed
by XPD, determining the phase amount and compositions by Rietveld refinement, following the
procedure described above. By solving equation (2) (see paragraph 3.1) the solubility limits of the
hexagonal solid solution were defined. The calculated mutual molar quantity of phases has been
checked with respect to the level rule,** confirming the reliability of calculations.
The solubility limits in the LiBH,4-LiBr system were determined by Sveinbjérnsson et al.*® and
confirmed in this study (samples s5-s9). The Li(BH4)1-«(Br), hexagonal solid solution is stable at
RT as a single phase from a = 0.3 to a« = 0.5. For concentrations a« > 0.5, the hexagonal solid
solution coexists with cubic LiBr (sample s9). For the sample s9, the lattice parameter of LiBr was
refined as aijgr = 5.50 A, which turns out equal to that of the pure compound, indicating no
solubility of BH,4 in the cubic structure of LiBr. Therefore, a positive heat of mixing is expected for
the corresponding solid solution. For a < 0.3, an orthorhombic o-Li(BH4)1.,Br, phase is present
together with the hexagonal solid solution, with lower cell parameters with respect to those of pure
0-LiBH,, in agreement with Sveinbjérnsson et al.,* who observed a single orthorhombic phase for
a<0.1.

In order to define the solubility limits in the hexagonal Li(BH4)1-«p(Br).(Cl)s solid solution,
samples s10-s14 were prepared. All samples are biphasic, containing both hexagonal and halide
cubic solid solutions, with the exception of (LiBH4)os(LiBr)o2(LiCl)o2 (sample s10), which shows a
single hexagonal phase. In order to explore in details the hexagonal solid solution, the monophasic
zone was mapped with seven different samples (sample s15-s21), in which a single hexagonal phase
was observed.
The maximum chloride concentration obtained in the h-Li(BHa)1--p(Br)«(Cl)p solid solution amount
to B = 0.31 in sample s13, where h-Li(BH4)o.45(Br)o.24(Cl)o.31 phase coexists with the cubic solid
solution c-Li(Br)o.17(Cl)ogs. (LiBH4)o6(LiBr)o1(LiCl)o3 (sample s13) contains pure LiCl and the

hexagonal solid solution h-Li(BH4)o.62(Br)o.1(Cl)o.2s, representing the limit of the biphasic zone.
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Figure 4 shows the obtained ternary phase diagram at RT. The diagram is composed by: (a)
hexagonal h-Li(BHa)1-,.3(Br).(Cl)s monophasic zone; (b) cubic c-Li(Br):-(Cl), monophasic zone
(on LiBr-LiCl axis); (c) orthorhombic o-Li(BH,)1-«(Br), monophasic zone (on LiBH,-LiBr axis);
(d) biphasic zone (Cub+Hex), in which are present h-Li(BH4)1-..3(Br)o(Cl)s in equilibrium with c-
Li(Cl)1+(Br).; (e) biphasic zone (Hex+Ort), where h-Li(BHa)1--p(Br).(Cl)p and the orthorhombic
solid solution (o-Li(BH4)09Bro1) are present; (f) biphasic zone (LiCl+Ort), containing o-Li(BH,);-
«Brq and LiCl; (g) triphasic zone, where h-Li(BH4)o0.62(Br)o.1(Cl)o.28, 0-Li(BH4)1-,Br, and pure LiCl

phases are in equilibrium.

Hexagonal Solid Solution
Cubic Solid Solution
Orthorhombic Solid Solution
O Synthesized biphasic mixtures
X- Equilibrium Phases

O Monophasic samples
@)
O

Monophasic samples LiBH -LiBr
Biphasic samples LiBH -LiBr

Y , , e A 0.0
LiBHOO 01 02 03 04 05 06 07 08 09 10 LiCl

LiCl Molar Fraction

Figure 4. Ternary phase diagram of LiBH,4-LiBr-LiCl system at room temperature, obtained by X-ray
diffraction analysis. Light filled area is the monophasic zone of hexagonal Li(BH,):..4(Br).(Cl); solid

solution. Dark filled area indicates a triphasic zone, where Li(BH4)o.62(Br)o.1(Cl)o2s, 0-Li(BH4)09Bro: and

pure LiCl are present. The analysed samples are indicated in the figure and they refer to Table 1.

Since the unit cell volume is expected to affect the Li-ion conductivity, as observed in different

systems, 2% Jattice parameters of h-Li(BHa)1.,.5(Br).(Cl)s solid solutions were determined from
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the Rietveld refinement. In order to highlight the effect of composition, the values of lattice
constants and volume obtained for sample s6 have been taken as a reference and data are reported
as relative variations. Figure 5, shows that both a and c lattice constants, as well as the volume, of
the hexagonal solid solution decrease with increasing of the concentration of both halides, as
discussed above. The contraction of lattice parameters is nearly linear with increasing CI
concentration. When Br™ replaces the borohydride anions, the decrease of lattice parameters and

volume is less pronounced with respect to CI'.

—Aala, (%) —~Acle, (%) -AVIV, (%)
0.1 0.00 0.00%

LiBr

1.0

< 0. ,
LiBH, g9 0.2 0.4 0.6 Licl LiBH, g9 0.2 0.4
LiCl Molar Fraction LiCl Molar Fraction

0.0
0.6 LiCl

0.
0.6 Lici LiBH, 0.0 0.2

0.4
LiCl Molar Fraction

Figure 5. RT maps of (a) —(d4a)/a, % cell parameter (b) —(4c)/co % ¢ cell parameter and (c) —(4V)/Vy %
volume of the hexagonal solid solution h-Li(BH,):-..5(Br).(Cl); obtained by Rietveld refinement. a,, ¢, and Vo
refer to the parameters of sample s6 taken as a reference. A represents the variation of the cell parameters
and volume with respect to the reference values. Dashed lines correspond of the values and lines shown in

the legend.

3.3 Li-ion conductivity

In order to investigate the trend of Li-ion conductivity as a function of composition and
temperature, temperature-dependent EIS measurements were performed in the temperature range 30
< T < 150 °C for samples showing a single hexagonal phase in order to investigate the trend of Li-

ion conductivity as a function of composition and temperature.
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As an example, data obtained for sample s20 are reported in Figure 6. The impedance spectrum is
composed, close to room temperature (30 °C), by a single arc in the Nyquist plot (Figure 6a),
while, at a higher temperature (110 °C), an additional linear dispersion is visible in the low
frequency region (Figure 6b). A constant phase element (CPEgectrodes) Was used to describe the
non-ideal diffusion between the blocking electrodes.®® The ideality factor was in any case a>0.9.
The bulk property was modelled with a CPEgyy in parallel with a resistor, representing the Li*

diffusion.

300 20

O Li(BH,), (Br), (CI),, at 30 °C e O Li(BH,), (Br), (CI), at110°C b)

0.1

250

200

150 H

-2 (kQ)

100
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0 100 200 300 400 500 600
Z' (kQ)

20

Figure 6. Impedance spectra shown on the Nyquist plot for the sample s20 collected at (a) 30 °C and (b) 110

°C. The insets show the equivalent electrical circuits used to fit the data.

The equivalent electrical circuits used to fit the impedance data are shown in the insets of Figure 6.
The second component describes the electrolyte/electrode interface, while the first takes into
account the bulk conductivity. It is not possible to separate the single arc in more than one
contribution (as in the case of grain boundary and bulk diffusion), even if the shape of the single arc
would suggest the contrary. At high temperatures (i.e. above 120 °C), where the bulk arc cannot be
resolved due to the setup limitation, the resistance was determined by the intercept on the real axis
of the prolongation of the CPEgiectrodes reSpoNse.

The Li-ion conductivity of the samples was calculated according to:
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o=— (3)

where R is the resistance obtained from the fit of EIS data, d is the thickness of the sample, and A is
its area. Results of Li-ion conductivity obtained for different compositions of the hexagonal solid
solution (samples s6, s7, s8, s10, s16, s17, s18, s19, s20, and s21) as a function of inverse
temperature are reported in Figure 7a. An overview of data as function of temperature and

composition is shown in Figure 7b.
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Figure 7. (a) Li-ion conductivity of samples in the hexagonal solid solution in the LiBH,-LiBr-LiCl system.
Open symbols represent the cooling ramp, close symbols the heating one. b) Contour map of Li-ion
conductivity as a function of composition for three selected temperatures. Iso-conductivity dashed lines

correspond to the values and lines shown in the legend.

As expected, for single-phase samples containing the hexagonal solid solution, the change in the
conductivity due to the polymorphic transition, as observed for pure LiBH,, disappears. h-
Li(BH4)0.7(Br)o2(Cl)o1 (sample s21) shows the highest value for conductivity (1.3 x 10~> S/cm at
30 °C) inside the ternary solid solution range. It is worth noting that this value is three orders of
magnitude higher than that of pure LiBH, at RT. In any cases, considering also the binary solid

solution, Li(BH4)o7(Br)os (sample s6) shows the highest value for Li-ion conductivity at RT. As
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shown in Figure 7, the conductivity values for several compositions in the solid solution range are
greater than that of pure hexagonal LiBHy,, in the same temperature range.

As shown in Figure 7, the conductivity increases with temperature, as expected for a thermally
activated process. Plots of In(¢T) as a function of 1000/T show a linear trend, in agreement with
equation (1). So, the activation energy (Ea) for Li-ion conductivity was obtained by a linear fit of
the Arrhenius plot and the results are shown as a function of composition in Figure 8. The lowest
values of activation energy are observed for the LiBH,4-LiBr solid solutions (e.g. 0.45 eV for sample

s7).

E" (eV)

0.0

0.2 0.4 0.6 0.8 LiCl
LiCl Molar Fraction

Figure 8. Contour map of activation energy for Li-ion conductivity for samples in the hexagonal solid
solution in the LiBH,-LiBr-LiCl system as a function of composition. Iso-activation energy dashed lines

correspond of the values and lines shown in the legend.

Collected data show that a correlation exists between composition and ionic transport properties, as
represented by the Li-ion conductivity and activation energy. Decreasing the BH, content in the
hexagonal solid solution, the Li-ion conductivity of the sample decreases, meaning that the presence

of BH, anions in the structure promotes the Li-ion mobility. The Figure 7 also shows that, the
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conductivity does not dependent on Br/CI ratio. In fact, in the hexagonal structure, BH,; possess

65,66

rapid reorientation, so that the rotational freedom of the BH,4 could have positive effects on the

Li* conductivity. The dependence of Li ion conductivity as a function of the BH4 content reported

here is in good agreement with the calculations reported by Yao et al.*®

, Where by density functional
theory (DFT) calculations has been highlighted that increase of the halide concentration in the solid
solution increases the formation energy for Li defect (vacancies, interstitials and Frenkel couples),
reducing the Li defect concentration. In addition, considering In Li(BH4)—lx, solid solution, higher
I” concentration yielded a higher diffusivity but with a lower conductivity,®® according with our
results, where increasing the halide concentration causes a decreasing of the Li-ion conductivity.

It is worth noting that, increasing the CI" content in the hexagonal solid solution, the density of the
electrolyte decreases, as shown in Figure S7, where the calculated density of the hexagonal solid
solution is reported as a function of composition. The density of the h-Li(BH4)o.7(Br)o2(Cl)o1
(sample s21) and h-Li(BH4)o.7(Br)o.s (sample s6) is 1.19 and 1.32 g/cm?®, respectively, but the Li-ion
conductivity is almost the same (Figure 7). So, the addition of CI" in the hexagonal solid solution
leads to lighter ion conductors with similar conductivity, suggesting possible applications of these
fast ion conductors as electrolytes to increase the energy density in Li-ion solid-state batteries.

The activation energy does not dependent on BH,/Br ratio (Figure 8), but it increases with
increasing the content of CI" in the hexagonal solid solution, reaching values higher than 0.6 eV
(e.g. 0.63 eV for sample s10). It is clear that the addition of CI" in the h-Li(BH4)1-x(Br)x(Cl)y, phase
increases the activation energy for the Li-ion jump, without affecting significantly the Li-ion
conductivity. The values of cell volume and activation energy correlates, suggesting that the latter is

controlled by the former. This observation is confirmed in Figure S8, which shows that the

activation energy decreases as a function of the cell volume.
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As shown previously, the dissolution of CI" anion in the hexagonal structure decreases the cell

volume, does not affect significantly the ionic conductivity, but increases the activation energy.

Using conventional hopping theory,®” the pre-exponential factor o, can be defined as:

n(zZe)? ASm
0 = ZTGXP(E)G%VO (4)

where z is a geometrical factor, which takes into account different diffusion geometries and
correlation factors, Ze is the charge of the ion, n is the carrier density of mobile ions, AS,, is the
migration entropy, a, is the jump distance and v, is the jump frequency. In the case of ionic
conductors, the substitution with more polarizable anions in the sublattice causes a softening of the
lattice.®*®® This leads to a lower oscillation frequency of the moving cation, that decreases both the
migration entropy and enthalpy (i.e. the activation energy).®® This is clearly valid in Li(BH,)-LiX
systems (where X = Br and 1) since the polarizability of BH, results bigger than CI" (3.90 and 2.96
A3 respectively) but smaller than Br- and I- (4.16 and 6.43 A3, respectively).®

In order to elucidate the relation between anions polarizability and conduction mechanism in the
hexagonal solid solution, the Mayer-Neldel plot (M-N) was built, plotting the natural logarithm of
the pre-exponential factor, oo, against the activation energy Ea (Figure 9).

The M-N rule is an empirical law that describes a group of physical properties that are Arrhenius-
like dependent,® recently analysed to show the interplay between ionic conductivity and lattice
rigidity in different compounds as argyrodites and LGPS thiophosphates.®*"®"* According to Yelon

et al.”

, in the M-N plot the stiffer the lattice, the flatter the slope. Hence, from Figure 9, three
regions can be defined, corresponding to three different degrees of lattice stiffness, according to the
amount of BH,4" in the structure.

The phonon spectra of LiBH4 was exhaustively investigated by Gremaud et al.”

and consequently
many efforts were focused on the understanding of BH, dynamics, therefore investigating a

different spectral phonon region (i.e. librations, bending and stretching modes). The crystal
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stiffness, however, is directly related to the acoustic branch of the normal modes. We are not aware,
up to our knowledge of any study, on the phonon spectra modification of LiBH, by halogenation.
Even if it is impossible to quantify this aspect, a stiffer lattice was shown to be preferable in terms
of Li* mobility (at least for thiophosphates)™ which would suggest to point at CI™ as preferred
candidate to achieve the optimal configuration.

When the borohydride is replaced by the halide, the lattice rigidity increases, according to the
modification of the phonon spectra and the suppression of the normal modes proper of the BH,
tetrahedra. According to Figure 9, the edge between soft and hard hexagonal lattice can lie between
0.5 < BH4 < 0.6 per formula unit. On the other hand, Figure 8 and 9 clearly show that, once the
BH, content is fixed, the activation energy scales up with the amount of chloride in the structure.
This phenomenon can be explained in terms of a stronger local electrostatic interaction, being CI
more electronegative than Br, and consequently locally “pinning” the mobile Li*. Next to this, also
the volume shrink experienced by the unit cell upon CI substitution (Figure 5) shows the same
trend as the activation energy. This is a logical consequence when the conduction pathway is left
unchanged but in a smaller volume, the mobile lithium is indeed forced to make the same jump

across a smaller bottleneck during its diffusion.
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Figure 9. Plot of the logarithm of the pre-exponential factor (Ing,) as a function of activation energy (Ea)
for samples in the hexagonal solid solution for the LiBH,-LiBr-LiCl system. Error bars have been obtained

from the linear fit of Arrhenius plot. Dashed lines are a guide for the eyes.

Figure 10 shows an overview of the electrochemical stability measured at 90 °C as a function of
composition, within the monophasic hexagonal solid solution domain. The electrochemical window
was established observing the onset of the anodic current at positive potential vs. Li*/Li. Due to the
very low current evolving by the electrolyte decomposition that only occurs at the interface, the
effective surface area was artificially increased by means of carbon addition as described
elsewehere.” " The temperature was set to 90 °C for all compounds (were the conductivity of most
of the samples lies above 10®° S/cm) in order to guarantee a low cell resistance (monitored by in situ
EIS), ensuring the validity of the two-electrodes configuration.

The results shown in Figure 10 clearly indicate that a deviation of composition from pure LiBH,4

involves a reduction of the electrochemical stability window.
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Figure 10. Contour map of oxidation potential of samples in the hexagonal solid solution in the LiBH,-LiBr-
LiCl system as a function of composition, obtained by cyclic voltammetry measured at 90 °C. Iso-potential

dashed lines correspond of the values and lines shown in the legend.

Regarding the binary system LiBH,4-LiBr in the studied domain, the oxidative limit systematically
lowers with the increasing content of Br’, moving from a maximum of 4.04 down to 2.85 V for 0.3
< a< 0.5 (B = 0). When chloride is added to form a ternary solid solution, the fragility of the
system increases, reducing the width of the electrochemical window down to 2.4 V (sample s16 and
s19). Nevertheless, a saddle point can be observed in the electrochemical stability map in the phase
diagram, when the bromide content is fixed to a = 0.3, suggesting an optimum in the composition,
less prone to oxidation. It is interesting to note the similar trends in the volume variation as a
function of the composition, activation energy for Li* mobility and electrochemical window
(Figures 5, 8 and 10). The dependence of the electrochemical stability from the composition is less

straightforward than that of volume and Ea, but can be discussed analysing the decomposition
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pathway of pure LiBH,4. As already pointed out by the work of Friedrichs et al.”®, LiBH, undergoes
hydrogen desorption whilst producing LiH and B,Hg, the latter further decomposing into B and Ho.
Even though the authors stressed that the driving force of such reaction lies on the stability of B,Hg,
it is also worth considering the formation enthalpy of LiH (-90.6 kd/mol)”’. In the case of the
different solid solutions presented in this work, where Br  and CI" partially replace BH,4", a similar
decomposition pathway can be inferred. However, LiH would be flanked by the formation of LiBr
and LiCl, which are more stable (AH; of -350.9 ki/mol and -408.7 kJ/mol, respectively)’.
Consequently, the partial halide replacement affects the electrochemical window, which becomes
narrower as the bromide, and more significantly chloride, substitution ratio increases. Nonetheless,
a deeper understanding of this effect on the electrochemical stability is necessary and requires
further theoretical insight.

To better understand the drop in electrochemical stability upon bromide substitution, with respect
these of pure LiBH,, different cross checks were performed on samples s6 (corresponding to
Li(BH;)07Bro3) and pure LiBH4. The CVs were executed at 120 °C, in order to achieve the

hexagonal conducting phase of LiBHj.
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Figure 11. Cyclic voltammetry measured at 120 °C. a) shows the amplification effect of carbon addition for
the small oxidative event; b) compares LiBH,; (continuous lines) and Li(BH,)o7Bros (dashed lines) in the
region 1.5-3.0 V vs. Li*/Li. The onset of decomposition amounts to 2.26 and 2.08 V for Li(BH,)o.7Bry3 and
LiBH,, respectively.
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Figure 11a shows that the obtained CV for LiBH,4 has an electrochemical window of 2.1 V vs.
Li*/Li, which is narrower than that reported by Matsuo et al.*® (5 V/ vs. Li*/Li). This result could be
surprising, but in fact it is in agreement with measurements already shown in literature. In fact,
Unemoto et al.”® observed an electrochemical process at 2.1 V, but the authors referred to it as
“side-reaction”. Figure 11a indeed shows to which extent a decomposition process can be hidden
by the plating process: the continuous and the dash-dot lines refer to two-layer pellet (with carbon)
and simply bulk LiBH,, respectively. The oxidation event, starting at 2.08 V is visible in both
measurements, but amplified nearly hundred times by the larger accessible interface thanks to the
carbon addition. The other peaks, occurring at low potential, refer to the insertion into graphite (<
0.9 V vs. Li*/Li)"® and to Li-Au alloying (0.5 V vs. Li*/Li)¥®. It was not possible to identify the
cathodic event at 2.2 V, which is however visible only in presence of carbon.

Li(BH)o.7Bro3 measured at 120 °C revealed a drop of nearly 1.8 V in its electrochemical window
(in Figure 11b, compared to pure LiBH,4). As it was discussed for conventional carbonate-based
electrolyte, the electrochemical window is a thermally activated process,®! so it is straightforward to

justify the depletion of the oxidative stability.

4. Conclusions

In this work, the effect of the anion substitution, promoted by ball milling and thermal treatments,
on the Li-ion conductivity in the LiBH4-LiBr-LiCl system has been investigated. For the first time,
a ternary hexagonal solid solution containing chloride in the LiBH, structure was stabilized at RT
lowering the weight of the electrolyte, therefore increasing the energy density. In addition, the solid
solution appears more thermally stable than pure LiBH, (Tm = 280 °C),% as suggested by the
absence of the corresponding melting peak in the HP-DSC trace.

The LiBH,4-LiBr-LiCl ternary phase diagram has been defined at RT, combining XPD data, coupled

with a Rietveld refinement and a mass balance. Values of the lattice parameters and volumes of the
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hexagonal solid solution have been determined as a function of composition. Because LiCl is
immiscible in h-LiBH4 at RT, it can be deduced that the presence of Br™ in the solid solution
promotes the CI solubilisation, confirming that the dimensions of the anion is a fundamental
parameter to be considered. Solubility of up to 30% of CI" in the solid solution has been established.
The effect of the composition of the h-Li(BH4)1-«p(Br)o(Cl)s solid solution on the Li-ion
conductivity has been investigated as a function of temperature using EIS. The h-
Li(BH4)0.7(Br)o.2(Cl)o1 sample showed the highest value of ion conductivity in the ternary solid
solution at 30 °C (1.3 x 10> S/cm). The chloride anion substitution in the hexagonal structure
increases the activation energy but does not affect the Li-ion conductivity; this compensation effect
is well described by the Meyer-Neldel rule. Even though such an effect can be explained in terms of
lattice stiffening, it is still debated in the literature and either a theoretical model of the phonon
spectra modification induced by anion mixing or a direct measure of the speed of sound could shed
light on the Li dynamics in investigated complex hydrides.

The destabilization induced by this anion mixing also has a detrimental impact on the
electrochemical stability. Taking into account the narrow electrochemical window of LiBH,, the
stabilization of the conducting phase at lower temperature (by means of anion substitution)
intrinsically increases the electrochemical stability of the solid electrolyte. The effect of the
halogenation on the electrochemical stability of the hexagonal solid solution shows that
Li(BH4)o-Bros offers the best electrochemical results, in terms of oxidative stability and Li*
conductivity and indicates that a deviation of composition involves a reduction of the
electrochemical stability window. On the other hand, the ternary phase Li(BH4)o.7Bro2Cloa1,
although paying a narrower electrochemical window, could offer a 10% gain in weight, with no
losses in ionic conductivity.

In summary, the stabilisation at lower temperature of the conductive phase of LiBH, in this system,

not only mitigates the operational temperature of an all-solid-state cell, i.e. increasing the Li ion
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conductivity at RT, but also enables the use of high-voltage positive electrodes, thus increasing the
overall amount of energy stored in the battery. The study of the LiBH,4-LiBr-LiCl has shown a

flexible system that offers promising candidates for Li-based solid-state electrolytes.
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