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ABSTRACT: Solid electrolytes with suitable conductivity and stability are a
key element in overcoming the inherent drawbacks of liquid organic
electrolytes in advanced battery systems. This requires comprehensive research
into ion transport in various types of solid compounds in order to understand
the complex relationships between their composition, structure, and properties.
In this paper, we systematically examine the crystal structures and ion transport
properties of the perhalogenated lithium closo-dodecaborate salts Li,B;,X,,
where X = F, Cl, Br, and I. The compounds were isolated in anhydrous form
and their structures determined by X-ray diffraction over a wide temperature
range. Additional characterization was performed using thermal analysis, FTIR,
and Raman spectroscopy, while DFT calculations were employed to rationalize
the observed trends. Li,B|,F,, crystallizes in the Cmca space group, while the
other salts adopt the Pn3 symmetry. The Li,B;,Cl,, and Li,B;,Br;, compounds
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exhibit polymorphic transformations with transition temperatures around 859 and 865 K, respectively, which are well above that of
Li,B;,H,,. This behavior likely arises from the larger size and greater mass of the perhalogenated anions, which hinder
reorientational dynamics at lower temperatures. In contrast, at high-temperatures the disordered phases exhibit high Li" ionic
conductivity values, reaching 0.12 S cm™" for Li,B,,Cl,, and 0.052 S cm™" for Li,B,,Br;, (at 2870 K). Overall, the synergistic blend
of structural disorder and inherent thermal and electrochemical stability positions the perhalogenated closo-dodecaborates as a robust
platform for the development of high-performance electrolytes for various electrochemical devices.

Bl INTRODUCTION

Metal closo-polyborates have been intensively studied in recent
years as highly promlsmg ionic conductors, often reaching
superionic conductivity.' ~ Their performance is largely due to
the presence of large weakly coordinating closo-polyborate
anions which can undergo rapid reorientations, minimizing
cation—anion interactions and boosting ion mobility.””® A
characteristic feature of these compounds is the thermally
induced phase transition to a disordered structure in which the
large weakly coordinating anions rotate freely, dramatically
enhancing cation transport in the high-temperature phase.” For
example, Ag,B;,H,, crystallizes at room temperature in the
Pa3 space group with conductivity of about 107> S cm™,
surging to 3 X 107 S cm™ after an entropy—drlven phase
transition to highly disordered Fm3m at 573 K* Na,B,H,,
(P2,/n symmetry) displays a RT conducthlty of 8§ X 1077 S
cm™}'° increasing to 0.1 S cm™ near 529 K in the high-
temperature form (Im3m symmetry)”'>'" While Li,B;,H,,
(Pa3 symmetry) reaches a higher room temperature ionic
conductivity of 107* S cm™, it becomes unstable and
decomposes after its phase transition at around 625 K, making
conductivity measurements difficult.”'”"* Recent DFT simu-
lation efforts to understand and predict the conductivity of
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high-temperature Li,B;,H;, showed a conductivity of about
1071 S em™ at 700 K."* This liquid-like conductivity is driven
by entropy-mediated phase transitions, and the resulting
conductivity enhancement enables fast ion transport while
maintaining structural integrity and stability, positioning closo-
polyborates (and closo-polycarborates) as promising solid
electrolytes for next-generation batteries.">~"”

Increasing demand for portable electronic devices, electric
vehicles, and grid-scale energy storage is driving the develop-
ment of next-generation electrochemical energy storage
devices."® Among these devices, lithium-ion batteries are of
particular interest, because of their high gravimetric energy
density compared to other systems. Solid electrolytes in
lithium-ion batteries are an alternative to the currently
widespread liquid electrolytes, because of their superior safety
and stability with various electrode materials.”” However,
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Figure 1. Mulliken charges in the anions of halogenated lithium closo-borates (a) Bj,F},>7, (b) B},Cl,>7, (c) Bp,Bry,*, (d) Byl

challenges persist with their lower conductivity compared to
liquid electrolytes, alongside scale-up and integration hurdles
in battery fabrication. The closo-borates could also serve as
components that provide lithium atoms in polymer gel
electrolytes,"> which display high ionic conductivity, com-
parable to that of liquid electrolytes.”” In addition, polymer gel
electrolytes are mechanically stable and inhibit the formation
of dendrites on the lithium electrode surface, bridging the gap
between liquid organic electrolytes and solid electrolytes.
Nevertheless, incomplete understanding of the mechanisms
governing ionic conductivity in solids and composites
continues to hinder the rational design of competitive solid
electrolytes.”!

The expanding group of closo-borate conductors can provide
essential information about the factors affecting ion transport
in solids.” Order—disorder phase transitions in closo-borates
arise from synergistic factors including lattice symmetry, anion
polarizability, moment of inertia of the anion, anion
reorientation mobility and also asymmetry of the anion.””*’
Targeted modifications of these parameters can dramatically
enhance performance, for instance, substituting one boron
atom with carbon in Li,B;,H,, lowers the phase transition
temperature from over 600 to 400 K, yielding a conductivity
value of >0.1 S cm™ for LiCB,;H;,,** likely due to favorable
1:1 cation:anion stoichiometry. The study of Li,B,,H;, and
LiCBgH,, salts supports the thesis that monovalent anions
favor a lowering of the closo-borate phase transition temper-
ature to a disordered high conductivity form, with LiCByH,,
having a phase transition temperature of about 340 K, which is
even lower than that of LiCB;;H,,.”” For the partially
halogenated lithium closo-borate derivatives LiCHB, HCly
and LiCHB, ,HBr4 with much weaker coordination but higher
molecular weight, the phase transition occurs at much higher
temperatures of 555 and 578 K.*° The increase in phase
transition temperature due to halogenation suggests that the
increase in mass is the predominant factor associated with the
disordered phase transition for LiCHB,; H;Cly and
LiCHB, HBrs. In the case of the sodium salts, complete
halogenation of the closo-borates leads to a relatively small
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change in phase transition temperature relative to the increase
in mass, suggesting that the changes in phase transition
temperature are in fact the result of a combination of several
competing factors. However, the precise impact of borate
cluster modifications on phase transition temperature and ionic
conductivity remains unclear, hindering the design of new
materials and impeding a full understanding of structure—
function relationships.

This paper presents a comprehensive synthesis and
structural characterization of perhalogenated lithium closo-
dodecaborates Li,B;,X;, (X = F, Cl, Br, I) and investigates
their ionic conductivity and thermal/electrochemical stability.
Room temperature and high temperature crystalline structures
were solved by X-ray diffraction (XRD), showing a rich
structural chemistry and a wide thermal stability range.
Structural tendencies are discussed and compared with
previous studies to further investigate factors influencing
polymorphic transitions, such as the size and mass of the
anion, the directionality of the anion bond to the lithium atom,
and the charge distribution and polarizibility of the B—X bonds
(Figure 1). In addition, electrochemical studies were
performed, demonstrating high ionic conductivity and robust
electrochemical stability for the perhalogenated lithium closo-
dodecaborates Li,B;,X;, (X = F, Cl, Br, I).

B EXPERIMENTAL AND THEORETICAL METHODS
Synthesis of Anhydrous Li,B;,F;,

The hydrated Li,B|,F, salt used in this research was sourced from
Boron Specialties, Inc. Li,B,F;, was initially dried for 2 h under
vacuum at 110 °C, followed by additional vacuum drying at 200 °C
for 2 days (until FTIR spectra showed no H,O signal at around 3600
cm™). The purity and anhydrous character of the product were
confirmed by XRD (Supporting Information (SI), Figure S10)

Synthesis of Anhydrous Li,B;,Cl;,

A solution of 2.00 g of sodium dodecachloro-closo-dodecaborate
(Na,B,Cl;,) (Katchem) were passed through an acid-activated
Amberlite cation-exchange resin column from Sigma-Aldrich. The
acidic fraction was neutralized with LiOH until the pH reached 7,
after which all the water was removed using a rotary evaporator. The
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Figure 2. (Top) An (110) view of the crystal structure of Li,B},F, with the space group Cmca. Li* cations are located at eight tetrahedral
interstitial sites; (bottom) The tetrahedral coordination of Li*: Each Li" is directly coordinated to four F~ from each of the four surrounding
B,F},>” anions. Li, B and F are represented by small yellow, green, and cyan solid spheres. The pseudo cubic close packing (CCP) array of

B,,F},>™ anions are illustrated by large transparent green spheres.

resulting powder was then dried by heating under vacuum at 120 °C
for 2 h. The powder was then left to stand under vacuum for two
more days at 200 °C to ensure it was completely dry. The purity and
dryness of the product were confirmed by XRD (SI, Figure S11).

Synthesis of Anhydrous Li,B;,Br,,

1.00 g of Cs,B,,H,, was dissolved in 30 mL of a 1:1 water—methanol
mixture. The solution was cooled in an ice bath, and excess liquid
bromine was added dropwise. First, 2 mL of Br, was added, and the
reaction vessel was removed from the ice bath. Another 2 mL of Br,
was added and the solution was heated to reflux (64—66 °C) for S h.
After cooling to RT, the solution was evaporated using a rotary
evaporator. It was then recrystallized until a pure, homogeneous white
powder was obtained. After initial drying in air, the sample was dried
at 220 °C under vacuum for 2 h, after which it was left under vacuum
for a further 2 days at RT. Characterization via XRD and FTIR
confirmed the anhydrous nature and purity of the product (SI, Figure
S12)
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Synthesis of Anhydrous Li,B;,l;,

A solution of 1.50 g of Na,B;,I;, (Katchem) in water was passed
through an acid-activated cation resin column (Sigma-Aldrich). The
acid fraction was neutralized with LiOH until the pH reached 7. As
the solution was slightly cloudy, it was filtered through a syringe filter.
Water was removed using a rotary evaporator and the resulting
powder was dried at 200 °C in vacuum for 2 h, followed further
drying for 2 days under vacuum at RT. Samples of Li,B},I;, for XRD
measurements were prepared by dissolving the sample in acetonitrile
and slowly removing the solvent using a rotary evaporator to obtain
more crystalline specimens. XRD measurements confirmed the purity
and complete dehydration of the resulting powder (SI, Figure S13).

XRD measurements were performed using a Synergy-S Rigaku
diffractometer using Cu radiation. Samples were placed in 0.3 mm
quartz capillaries and measurements were made over a wide
temperature range, from 300 to 960 K, using a hot gas capillary
heater. An Agilent Cary-630 ATR-FTIR spectrometer was used to
measure the infrared spectra of powder samples, with a module
containing a diamond crystal. For Raman spectra measurements,
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Table 1. Structural Parameters of Li,B;,X;, (X = F, Cl, Br, and I) Determined from This Work”

Lattice Parameters

Compound T (K) Crystal system Space group a (A)
Li,B,H,,* 293 cubic Pa3 9.5771(2)
Li,B,F, 298 orthorh. Cmca 12.004(3)
475 orthorh. Cmca 11.907(1)
Li,B,,Cl,, 298 cubic Pn3 10.0618(6)
400 cubic Pn3 10.1076(3)
810 cubic Fm3m 13.053(1)
Li,B,Bry, 500 cubic Pn3 10.5834(3)
700 cubic Pn3 10.6547(2)
800 cubic Fm3m 13.647(1)
Li,By,l;, 500 cubic Pn3 11.2960(3)
Na,B,,F;,”! 5 hex. P3 12.012(1)
Na,B,,Cl,,*" 295 cubic Pa3 12.5577(9)
Na,B,,Cl12* 838 cubic Fm3m 13.216(2)
Cs,B,,Cl), 293 trig. R3 9.596(7)
473 cubic Pm3n 10.519(8)
293 cubic Ia3d 21.022(3)
Cs,B,Bry, 293 trig. R3 9.979(2)
Cs,B,1,, 293 trig. R3 10.470(5)

“All results from this work unless otherwise indicated.

b (A) ¢ (A) Z V (A% v/z
- - 4 878.43(6) 219.61
10.308(4) 10.266(2) 4 1270.3(5) 317.58
10.455(1) 10.3719(9) 4 1291.1(3) 322.78
- - 2 1018.7(2) 509.35
- - 2 1032.62(9) 516.31
- - 4 2224.4(6) 556.10
- - 2 1185.43(9) 592.72
- - 2 1209.56(9) 604.78
- - 4 2541.3(8) 635.33
- - 2 1441.4(1) 720.70
- 7.335(1) 3 916.5(1) 305.50
- - 4 1980.3(4) 495.08
- - 4 2308.1(5) 577.03
- 45.642(2) 6 3641.0(6) 606.8
- - 2 1164.3(7) 581.2
- - 16 9299.2(9) 5822
- 47.664(2) 6 4110.6(3) 685.1
- 50.183(3) 4765.2(2) 794.2

samples were prepared in sealed capillaries using a Renishaw Raman
Microscope with a 532 nm laser excitation source and x50 yW power
at the sample. Residual Gas Analysis (RGA) was performed on
anhydrous salts using an SRS-300 instrument from Stanford Research
Systems, Inc. The anhydrous Li,B,,X;, (X = F, Cl, Br, I) powders
were loaded inside Swagelok stainless steel sample holders in a
nitrogen-filled glovebox, then heated to 298 or 873 K, and small gas
aliquots analyzed by RGA.

The crystal structures of Li,B;,X;, were first solved using direct
space methods based on the lab powder XRD data. Due to the
insensitivity of X-ray to the lightweight elements, the first-principles
molecular dynamics simulated annealing were subsequently per-
formed to optimize the B,,X,, configuration and the Li positions with
the lowest energy in the initially solved structural models, followed by
Rietveld structural refinement (Supporting Information, Figures S1—
S9) on the optimal structural model using the GSAS package.”” Due
to the relatively poor X-ray sensitivity to the lightweight elements and
the inadequate number of observations of the lab powder XRD data,
for Li,B,,F,, (which has more independent refinable parameters due
to its low symmetry), the B,F ;> was kept as a rigid body with
relaxed bond lengths and bond angles in order to maintain the
integrity of anion geometry and a stable refinement. The Li—F bond
distances were also restrained with the common Li—F distances; for
Li,B,,X;,, X = Cl, Br, and I, with a high cubic symmetry and Li at
special Wyckoft site, the atomic positions of B and X were refined
with restraints on the B—B, B—X and Li—X bond lengths. The
magnitudes of thermal parameters from Rietveld refinement on XRD
powder data are notoriously inaccurate. They are listed in the
crystallographic information files (CIFs) provided in the Supporting
Information (SI), but we do not ascribe any significance to their
values.

AC impedance measurements were carried under inert Ar gas.
Solid electrolyte powders were pressed into free-standing pellets with
a diameter of 10.0 mm and a thickness of 2.9—3.6 mm. The pellets
were formed under 100 MPa uniaxial pressure using a Carver
hydraulic press and then assembled into an MTT stainless steel cell
using mica for electrical insulation and Au electrodes on both sides of
the pellet. Measurements were performed over the temperature range
from room temperature up to 873 K for all compounds. Sample
temperature was monitored with a calibrated thermocouple. Electro-
chemical impedance spectra were collected from 0.1 Hz to 1 MHz
using a Gamry potentiostat operated at 10 or 20 mV AC voltage.
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The ionogel was obtained by dissolving poly(vinylidene fluoride)
(PVDF) in acetone (76 g/L), both of which were purchased from
Sigma-Aldrich. The solution of Li,B,,X;, in 1-butyl-1-methylpyrroli-
dinium bis(trifluoromethylsulfonyl)imide (PYR-14-TFSI) was then
made. PYR-14-TFSI was purchased from Solvionic. The Li,B,X),
solutions obtained in this way were diluted with propylene carbonate
(PC) from Sigma-Aldrich to improve the solubility of the salt to a
concentration close to 0.05 M. Those two solutions (ionogel and
Li,B,,X;, solution) were mixed in a 329:53 ratio and vortexed for 10
s. The ionogel was then used in studies of both the conductivity and
electrochemical stability as a gel electrolyte.

First-principles DFT calculations were performed using the
Quantum ESPRESSO package.”® We used Vanderbilt-type ultrasoft
pseudopotentials with Perdew—Burke—Ernzerhof exchange correla-
tions. A cutoff energy of 544 eV and appropriately chosen k-point
meshes were used and found to be enough for the total energies to
converge within 0.01 meV/atom. First, all crystal structures were fully
optimized with respect to the atomic coordinates. To assist in the
interpretation of the IR and Raman data, we further performed
density functional perturbation theory (DFPT) calculations™ and
predicted infrared absorption cross sections and Raman intensities. In
the DFPT calculations, a larger cutoff energy of 1088 eV and denser
k-point meshes were used to ensure adequate accuracy.

B RESULTS AND DISCUSSION

Structural Investigation of Li,B;,X;, Compounds

Li,B,F),. The majority of the diffraction peaks in the room
temperature powder XRD pattern of Li,B,,F}, can be indexed
to an orthorhombic structure with the space group Cmca
(No.64). The crystal structure was then solved with this
symmetry. Li,B,F,, was found to maintain this orthorhombic
structure from room temperature up to 850 K. The crystal
structure and the Rietveld fit to the XRD patterns at room
temperature and at 475 K of Li,B},F,, are shown in Figures 2,
S1, and S2. The refined lattice parameters are summarized in
Table 1.

As shown in Figure 2, Li,B,F;, possesses an ordered
orthorhombic structure with approximately similar a, b. and ¢
lattice parameters. The numbers of anions and cations per unit
cell (ie., four B;,F},>” anions and eight Li* cations) are the

https://doi.org/10.1021/acs.chemmater.6c00218
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Figure 3. (Top) An off-(100) view of the ordered crystal structure of Li,B1,Cl,, with space group Pn3. Each Li* is at the middle point between the
two closest adjacent B,,Cl;,>~ anions; (bottom) The local octahedral coordination of Li*: each Li is directly coordinated to six CI~ from the two
neighboring B,,Cl;,”” anions. Li, B, and Cl are represented by small yellow, green, and blue solid spheres. The body-centered cubic (BCC) packing
of the ordered B,Cl;,>” anions are illustrated by large transparent blue spheres.

same as those of its closo-hydroborate counterpart Li,B,H,,
although the latter forms a cubic structure (space group Pa3)™
Similar to the cubic close packing (CCP) of the Bj,H;,*"
anion lattice found in Li,B,,H,,, the B,,F;,>” anions in the
orthorhombic lattice forms a pseudo CCP array in Li,B,F,.
Different from Li,B,H,, where Li is at the center of the
triangular plane formed by three B,H,>” anions, with
increasing size of the Bj,F,”” anions, in Li,B},F}, each Li is
located at the center of the tetrahedral site surrounded by four
adjacent B,F},* anions and directly bonded to four F from
each of the neighboring B,,F,”” anions, forming a regular LiF,
tetrahedron with Li—F distances of 1.90 A—1.91 A due to its
larger size relative to Bj,H;,*". In addition, due to the different
sizes of anions, one B,F},>” anion is surrounded by eight Li*
cations in Li,B ,F,,, whereas only six Li* cations are needed to
encompass one Bj,H;,”” anion in Li,B;,H;,. On the other
hand, if keeping the same halogenated closo-dodecaborate
anion B,F},”” while increasing the alkali cation size from Li*
to Na*, the resultant Na,B,F,, was found to form a hexagonal
structure (space group P3) with a pseudo body-centered cubic
(BCC) array of anion packing motif, and the larger size Na*
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cation is coordinated to six F in a regular NaF, trigonal
prism.3'1

Li,B,Cl},. When the halogen atom changes from F to Cl,
the room temperature powder XRD patterns of Li,B,,Cl;,
exhibit a drastic change compared to that of Li,B,,F;, (Figure
S3). These diffraction peaks can be indexed into a cubic
structure with the space group Pn3 (No. 201). From our
temperature-controlled XRD experiments, the XRD patterns of
Li,B;,Cl;, were found to remain the same from room
temperature up to 700 K except some small peak shifting
due to thermal expansion. A new set of peaks starts to emerge
beyond 750 K, coexisting with those of the low-temperature
Pn3 structure up until 800 K. At 810 K, the diffraction peaks
from the low-temperature phase completely disappear, and
only the peaks of the high-temperature phase remain with a
diffuse scattering background. These new high-temperature
peaks can be indexed into a cubic structure with the space
group Fm3m (No. 225). Both the “low temperature” Pn3 and
the “high temperature” Fm3m structures of Li,B},Cl;, were
determined and refined, and the Rietveld fits to the XRD
patterns of Li,B,,Cl;, at various temperatures are shown in

https://doi.org/10.1021/acs.chemmater.6c00218
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Figure 4. Disordered high-temperature structure (space group Fm3m) of Li,B},Clj,. The face-centered cubic (FCC) packing of the disordered
B,,Cl;,* anions are illustrated by large light blue spheres. For clarity, only one disorderly oriented B,,Cl;,> anion is superimposed to aid the
reader. Li, B and ClI are represented by small yellow, green, and blue solid spheres.

Figures S3—S5, and the corresponding refined Iattice
parameters are listed in Table 1.

As shown in Figure 3, the room temperature ordered
structure of Li,B;,Cl,, exhibits a body-centered cubic (BCC)
array of the ordered B,Cl;,*” anions. With increasing B;,X;,>”
anion size from F to Cl, the small Li* was found to be at the
middle point between the two closest B;,Cl;,>” anions, i.e. the
two B,,Cl;,*™ anions at the body-center and at the corner of a
cubic cell. Each Li" is directly coordinated to six Cl~ from the
two neighboring B,,Cl;,*” anions with Li—Cl distances of 2.64
A (x6), forming a regular LiCl octahedron. Theoretically, in a
BCC unit cell, there should be eight such equivalent cation
sites in a close contact with a B;,Cl,,>” anion, ie. each
B,,Cl},>” anion is surrounded by eight Li* cation sites.
However, there are only two B,Cl;,*” anions within one unit
cell. Hence, only four Li* cations should be allowed in a unit
cell to maintain the overall charge neutrality. Assessment of the
diffraction extinction of the observed XRD patterns indicates
the most probable space group to be Pn3. Under this
symmetry there would be two crystallographically independent
sites with a multiplicity of 4 for each site (ie, 4b and 4c
Wyckoff sites). If only four of these eight possible sites are fully
occupied by Li, Li,B,,Cl;, will form a cation-ordered structure
(e.g, Figure 3 shows that only the 4b site is occupied). On the
other hand, if Li* cations populates all eight equivalent sites
with a partial occupancy, the delocalization of cations will
result in a “cation-disordered” structure and increase the
symmetry to the space group Im3. In such a structure, B;,Cl;,~
anions remain the same BCC arrangement while Li* cations
will be at the 8¢ Wyckoff site under the Im3 symmetry.
However, the appearance of the (111) peak in the present
XRD patterns below 750 K violates the “I” symmetry reflection
conditions. Therefore, the low-temperature phase of Li,B,,Cl,,
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should be the Pn3 structure with ordering of both cations and
anions based on the diffraction results.

The ordered Pn3 structure with a BCC lattice of Li,B,,Cl,,
is distinct from the ordered structure of Na,B,Cl;, with the
Pa3 symmetry.”’ The latter is isostructural to many other
metal-closo-dodecaborates such as Li,B;,H,,”" and
Ag,B,,Cl;,”* with a CCP or face-centered cubic (FCC) lattice
of anions. Apparently, the BCC array of B;,Cl;,*” anions in
Li,B},Cl}, is less efficiently packed than the FCC arrays in
Na,B,Cl,,, as indicated by the larger volume per formula unit
(V/Z) of Li,B|,Cl,, than that of Na,B,,Cl;, (Table 1). In
addition, different from the Li* cation coordination sphere in
the BCC lattice (Figure 3), in Na,B,,Cl;, each Na* cation is at
the center of a triangular plane defined by three surrounding
B,,Cl,,” anions and coordinated to six Cl from these B,,Cl;,”
anions, resulting in a distorted NaClg octahedron®!

The high-temperature phase of Li,B,,Cl;, at 810 K
transforms into a completely disordered Fm3m structure as a
result of the almost isotropic reorientational disordering of the
anions on the diffraction time scale (Figure 4), and is similar to
other face-centered cubic (FCC) structure of the high-
temperature phase of the metal nido- and closo-(carba)-
borates'"****** and halogenated sodium-closo-dodecaborates.”
Determination of Li position is challenging due to the
disordering in both cation sites and anion reorientation, the
limited number of diffraction peaks from high symmetry, as
well as the insensitivity of X-rays to the lightweight Li. In the
present study, Li" cations were assigned at the 4b and 24d
Wyckoft sites under the Fm3m space group with partial
occupancies similar to those in the high temperature phase of
Na,B,,Cl,,.”

Li,B,Br),. From our temperature-controlled XRD studies,
Li,By,Bry, is found to crystallize in the cubic Pn3 symmetry
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Figure S. Combined thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) of Li,B,,F;, (top) and Li,B;,Cl;, (down).

and is isostructural to Li,B;,Cl;, in the studied temperature
range up to 780 K. At temperatures >790 K, the ordered phase
of Li,B,,Br;, undergoes a similar order—disorder polymorphic
phase transition to the completely disordered Fm3m structure
as Li,B},Cly,. It is difficult to obtain high-quality XRD patterns
from the anhydrous sample at RT, as the removal of the
solvent tends to yield low-crystallinity samples. Nonetheless,
the Rietveld fit of XRD patterns of the ordered and disordered
structures of the anhydrous Li,B,,Br, at high temperatures are
shown in Figures S6—S8 (SI).

Li,B,I;,. A well crystalline anhydrous Li)Bj,I;, sample is
difficult to obtain at room temperature. The XRD pattern of a
dry Li,B,I;, sample at 500 K with an elevated background
indicates the formation of a same Pn3 structure as its Cl and Br
analogues (Figure S9, SI). The XRD patterns remain nearly
unchanged up to 810 K except the slight peak shift and
increased background with temperature. Li,B,I;, starts to
decompose upon further heating from 810 to 960 K. Some
residual peaks from the Pn3 phase still can be observed at 960
K, while the prominent background prevents the identification
of any small peaks from the disordered high-temperature phase
in this high temperature range.

In contrast, halogenated cesium closo-borates, Cs,B,Cl},,
where X = Cl, Br, I, unlike the salts analyzed above, crystallize
in the trigonal system in the R3 space group at room
temperature, with six molecules of the compound per unit cell.
In the low-temperature forms of cesium halogenated closo-
borates, there are two types of cesium cations: cations
coordinated by three B,X;,”” anions, with each anion
coordinating the cesium cation via three halogen atoms, and
cations coordinated tetrahedrally by four B;,X;,”” anions, each
via three halogen atoms. This structure contains two types of
B,X,,”” anion, which differ significantly in terms of their
cationic environment. In one type, the boron atoms form a
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cluster-like structure surrounded by six Cs* cations arranged in
the shape of a distorted octahedron. In another, boron atoms
form a type of cluster surrounded by eight Cs" cations in the
form of a distorted cubic structure.”

In the case of Cs,B,,Cl;,, a phase transition occurs at 471 K
to a disordered high-temperature form that crystallizes in the
cubic system (Pm3n space group), which is directly linked to
the transition from a distorted CCP lattice to a primitive P-
type lattice. In the high-temperature phase of Cs,B,,Cl,,, the
cesium cation is tetrahedrally coordinated by four anions, each
of which is coordinated by three halogen atoms, resulting in a
cuboctahedral coordination sphere containing 12 halogen
atoms. It has also been observed that upon cooling of the high-
temperature form of Cs,B,,Cl;, (space group Pm3n)—a
partially ordered, cubic phase with space group Ia3d forms,
containing as many as 16 units in the unit cell, which is
associated with a transition from a P-type cubic lattice to an I-
type cubic lattice and a doubling of the lattice constant while
retaining the same point group m3m, This point group is also
seen in the high-temperature phases of Li,B;,Cl;,, Na,B},Cl;,,
and Li,B,Br;, (Table 1). The phase transition temperatures of
Cs,B,Cl}, to Cs,B 1), to the high-temperature phase"’6 have
been determined to be 625 and 543 K, respectively. All
perhalogenated Cs-salts are exceptionally thermally stable, and
the decomposition temperatures decrease from Cs,B,Cl;, to
Cs,B1,Br); to Cs,Bjyl},, reaching 1256, 1232, and 1218 K
respectively.

For the Li,B;,X;, (X = H, F, Cl, Br and I) series, with
halogenation, the anion arrays first exhibit drastic variation
from the CCP (Li,B;,H,,) to a pseudo-CCP (Li,B;,F;,) and
to a BCC (Li,B,,X;,, X = Cl, Br, and I) lattice; the small Li*
cations also accommodate themselves with surrounding anions
of increasing size, from coordinating to three Bj,H;,>” anions,
forming distorted LiH4 octahedra, to coordinating to four
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B,,F,* forming LiF, tetrahedra, finally to two large B;,X;,*~
(X = Cl, Br, and I) forming regular LiX; octahedra. Besides the
sizes of cation and anions, other factors may also play roles in
affecting such structural variation. Our calculations on
Mulliken charges of the halogenated lithium closo-dodeca-
borates indicate that the charged halogen tip of the isolated
[B},X,]*” anions becomes less negative from F to I (Figure
1), which will lead to a weaker interaction with surrounding
cations from B,F,*” to B,I;,>" anions. This is in accord with
the previous study in Na,B;,X;, (X = H, F and Cl), where the
B,,Cl;,>~ was found to have a much weaker relative
coordination strength than Bj,H,>” and B,F,>.*" The
different relative coordination strength of B;,X;,>” anions in
Na,B,X), also aligns with our experimental observations in
Li,B,X;, that from F to I, ie, Li,B;,X;, samples are
increasingly prone to form hydrate phases, and the resulting
hydrates with larger halogenated anions are more difficult to be
dehydrated. The less negative tip of [B;,X;,]>” anion and the
consequently weaker coordination strength with increasing
halogen atom size is also seemingly consistent with the smaller
number of the Li* cations surrounding a B,,Cl;,>” anion (i.,,
four, see Figure 3) than that around a B,H,,>~ (ie., six’’) or a
By,F1,>" (i, eight, see Figure 2) anion.

The calculated electrostatic potential surface maps on
[B},X},]*” anions in halogenated sodium-closo-dodecaborates”
indicated an increased anisotropy of charge density distribu-
tion around the B;,X;,>” anions (X = Cl, Br and I) with
increasing halogen atom size even though the overall charge of
these anions remains constant. As a result, the directional
charge distribution on the halogen atoms in the Bj,X;,>”
anions may lead to strong directional bonds to cation and
increase the resistance to reorientational anion disorder. The
smaller Li* cation with a stronger polarizing power than Na*
would further enhance such directional bonds between cations
and anions, stabilize the ordered structure, and drive the
order—disorder phase transition to high temperature. This
effect is especially manifest for larger halogen atom with a
greater polarizability. Therefore, we observed higher order—
disorder phase transition temperatures in Li,B;,X;, (X = C|,
Br, and I) than those in their Na analogues, as well as the
increased polymorphic phase transition temperatures from Cl
to I within the Li,B,X, series even though the ordered phase
of Li,B,,X;, (X = Cl, Br, and I) are isostructural. Certainly, the
increased mass of heavier halogenated B;,X;,”” anions may
also impose greater energy barrier to their dynamic motion,
and thus further elevate the phase transition temperatures. The
high-temperature structure of Li,B,,Cl;, and Li,B,,Br,, exhibit
features of partial cation occupancy (cation disordering) and
reorientational anion dynamics (anion disordering), which is a
signature of “liquid-like” superionic conduction as observed in
other Li* and Na* closo-borates.”***%3*

Thermal Analysis

Figure 5 shows the results of DSC and TGA measurements for
Li,B},F ;. At 872 K, a sharp downward directed peak is seen in
the heating cycle, indicating a thermic transformation. In the
cooling cycle, neither an exothermic nor an endothermic
process is observed. Above 768 K, there is a decrease in mass
of up to 20%, indicating the beginning of decomposition of the
compound. The above observations indicate that the onset of
thermal decomposition occurs at a temperature lower than any
order—disorder phase transition. This is similar to the behavior
of Cs,B},Cl;,, where a slow mass loss begins at 873 K, and
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significant decomposition does not occur until temperatures
exceed 1250 K.>> The endothermic event at 872 K likely
corresponds to a polymorphic phase transition that occurs as
the compound begins to decompose. These results are
consistent with the XRD measurements, in which a decrease
in peak intensity is observed as the temperature is increased to
850 K (SI, Figure S14). Residual Gas Analysis (RGA) at low
temperatures shows no clear signal associated with decom-
position. At 873 K, small spectral features at m/z = 19-20,
attributed to HF, were observed, confirming that some cage
decomposition occurs at high temperatures (SI, Figure S30).

In the case of Li,B;,Cl},, an endothermic phase transition
was observed in the heating cycle with a peak maximum at 859
K, corresponding to a Pn3 — Fm3m phase transition, and an
exothermic phase transition was observed at 837 K in the
cooling cycle, corresponding to a phase transition from Fm3m
to Pn3, which correlates with the XRD measurements (SI,
Figure S15). This behavior is analogous to that of the
isostructural salt Na,B,,Cl;,, whose transition to the high-
temperature form is at 748 K and is also endothermic, while
the transition back to the Pn3 form occurs at 688 K. In the case
of Li,B,Cl,,, the area underneath the peak that illustrates the
endothermic transition is slightly larger than the area
underneath the exothermic peak, suggesting that not all of
the high-temperature phase reverts to the low-temperature
polymorph, correlating with a slight decrease in mass of about
1%.

For Li,B,,Br,, the phase transition from the room-
temperature (RT) phase to the high-temperature (HT)
phase is not characterized by a well-defined, sharp endothermic
peak over the investigated temperature range (SI, Figures S26
and $27). As with Na,B,Br;,> the phase transition of
Li,B},Br), is more continuous, even if the rate of temperature
change is slow (5 K min™"'), and it starts at 842 K and lasts
until at least 873 K. Unlike Na,B,,Br;,, no clear minimum was
observed at a particular temperature. At 813 K, the sample’s
mass begins to decrease slightly (by 1% up to 873 K),
indicating the onset of Li,B;,Br;, decomposition. In other
words, the transition to the HT phase and the slow
decomposition of the compound occur in the same temper-
ature range. However, a diffraction pattern from the high-
temperature phase was recorded during very slow heating (S,
Figure S16), confirming the phase transition occurs within the
temperature range of 842—873 K.

Unlike the chloro- and bromo- analogs, Li,B,,I;, shows no
discernible phase transition up to 873 K, whereas above 848 K
a gradual mass loss accompanied by a broad endothermic
signal indicates the onset of thermal decomposition (SI,
Figures 528 and S29). These observations suggest that, similar
to the halogenated sodium salts of Na,B,X;, (X = Cl, Br, 1),
the phase transition temperature of the halogenated lithium
closo-borates increases down the halogen group. However,
lithium salts have higher phase transition temperatures than
halogenated sodium salts, which may be due to the more
directional cation-halogenated anion bond, a consequence of
the smaller ionic radius and higher charge density of the
lithium cation, which strengthen the cation—anion inter-
actions. In the case of Cs salts, which adopt a different
structure, the dominant factor appears to be strong interatomic
coordination, manifested in higher coordination numbers,
rather than the directionality of the bonds. Hence, although
the cesium cation is larger and its bonds are less directional,
the thermal stability of cesium salts is higher, exceeding 1200
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Table 2. FTIR and Raman Active Modes of Li,B;,X;, (X = F, Cl, Br, and I)

FTIR Li,B,F;, Li,B,Cly, Li,B,,Bry, Li,B,,L;,
Vibrations Calc. exp. Calc. exp. Calc. exp. Calc. exp.
T, 526 503 220 - 207 - 200 -
T, 737 721 540 537 447 445 240 -
T, 1277 1221 1000 986 992 983 944 941
RAMAN Li,B,F, Li,B,,Cl;, Li,B,Br, Li,B,1;,
Vibrations Calc. exp. Calc. exp. Calc. exp. Calc. exp.
Hg 350 383 150 127 90 82 86 ;
Ag 465 430 543 301 193 191 146 147
Hg 398 393 615 ; 690 ; 142 ;
Hg 524 - 797 - 949 - 672 -
Hg 1229 - 954 - 952 - 910 -
Ag 1348 - 997 - 809 - 932 -
K3 Furthermore, the lack of transition to the high- Temperature, K
temperature phase for Li,B,F,, and Li,B,,], is also confirmed 850 700 600 550 500 450 400 350
by in situ XRD measurements (SI, Figures S14 and S17—S21). o
As the temperature increases to 850 and 960 K, respectively, 107 _ o o LijByoF 1o
the XRD reflections gradually weaken, indicating significant I -6 LiB.Cl
structural disorder upon heating. RGA measurements on < 1021 oegga\ _2 12~z
Li,B,Cl, (SI, Figure S31), Li,B;,Br;, (SI, Figure S32), and 5 1 = S, -0 Li;ByoBryp |
Li,B;,l;, (SI, Figure S33) do not reveal detectable gaseous 9 4031 Q\Gf:ﬁijg\ -0 Li,By,l4, :
decomposition products upon heating to 873 K. ‘; R
Spectroscopic Characterization g 10%3
In general, the halogenated anions B,,X;,”” belong to the point § 10 1
group with the highest symmetry (I,).”*”** The normal e
vibrations of this group are classified into 2Ag + Flg + 2Gg + S 10% 3
4Hg + 3Flu + 2F2u + 2Gu + 2Hu. Among which only three N
Flu vibrations are active in IR, two Ag and four Hg vibrations 107 3 e
are active in Raman. The calculations and experimental values 108 ] e e °
of the wavelengths and signal intensities of the vibrations from 10 12 14 16 18 20 22 24 26 28 30 32

Li,B},X;, (X = F, Cl, Br, I) in FTIR and Raman spectroscopy
are shown in Table 2. Experimental spectra and calculated
spectra are presented in Supporting Information (Figures
$22—825). The strongest signals in the FTIR and Raman
spectra are visible in the experimental spectra of the powder
samples and correspond to the wavelength values of the
strongest signals in the calculated spectra, confirming that
halogenated closo-borates were obtained.

lonic Conductivity

The ionic conductivity of Li,B1,X;, (X = F, Cl, Br, I) is shown
in Figure 6, and the values were determined from AC
impedance measurements on pelletized samples. The halo-
genated lithium closo-dodecaborates possess markedly lower
ionic conductivity than their hydrogen analogue Li,B,H, at
ambient temperature, yet their conductivity increases steadily
upon heating and for Li,B,,Cl;, and Li,B,,I}, it rises sharply
near the polymorphic phase transition, paralleling the behavior
of perhalogenated sodium salts.” Below the phase transitions,
the conductivities follow the order Li,B,,Cl;, > Li,B,F,, >
Li,B},Br;;, > Li,B},I;, with activation energies ranging from
0.57 €V for Li,B,Cl;, to 0.69 eV for Li,B,,1;,, and similar to
that of Li,B,H,,.”*” Above the polymorphic phase transition,
Li,B,,Cl;, and Li,B,,Br, show excellent high-temperature Li*
conductivities of 0.120 and 0.052 S cm™, respectively, which is
attributed to structural reorientations and increased Li*
mobility. While the conductivity of Li,B,,H;, reaches 2.9 X
107*S cm™" at 303 K in its pristine form” and can be enhanced
to 1.2 X 107 S cm™" at 333 K through ZrO, nanocomposite
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Figure 6. Ionic conductivity of Li,B;,X;, compounds (X = F, C|, Br,
I) function of temperature.

formation (which also lowers its activation energy from 0.52 to
0.42 V), the halogenated Li analogues, despite lower room-
temperature performance, achieve high conductivities at
elevated temperatures, with Li,B;,Cl;, becoming superionic
above 820 K. These conductivity values suggest potential
utility for the Li,B,,X;, compounds as high-temperature solid-
state Li* conductors, consistent with broader trends in closo-
polyborate electrolytes.”"™**

Electrochemical Stability

Defining the electrochemical stability window is a critical
prerequisite for the integration of closo-borates into energy
storage devices, as these limits dictate the safe operational
voltage and long-term viability of the cell. Figure 7 shows
chronovoltammetry curves recorded in a cell with the
configuration stainless steel electrodelLi,B ,X;, electrolytel
stainless steel electrode. As indicated by the CV curves, the
Li,B,F}, system appears stable up to about 3.0 V, and the
addition of the ionic liquid PYR-14-TFSI has only a minor
effect on the available potential range (green and blue curves).
In the case of Li,B,Cl,, the electrochemical stability is
significantly lower, with the potential window narrowed to 2.3
V. In the case of subsequent perhalogenated lithium closo-
dodecaborates, the electrochemical stability is even weaker; in
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Figure 7. Chronovoltammetry curves of Li,B,,F,, and Li,B,Cl;, in polymer gel with PVDF at scan rate 10 mV/s.

other words, the electrochemical stability decreases down the
group. Surprisingly, we observed a rather low solubility of the
investigated compounds in PYR-14-TFSI, despite the ionic
character of closo-borate compounds. Impedance studies show
that the conductivity at room temperature in the described
systems is of the order of 10™* S cm™, which is consistent with
the values previously reported for Li,B;,H), in polymer-gel
systems.43

These results extend the rapidly growing body of research on
solid electrolytes based on Polyboron clusters by demonstrat-
ing that fully perhalogenated lithium closo-dodecaborates
combine the high temperature superionic behavior well
documented in Li,B;;H;,, Na,B;;H;,, and mixed closo-
carbahydroborates such as LiCB,H;, and LiCByH,, with
markedly enhanced thermal and electrochemical stability.**
Whereas prior investigations have primarily emphasized
hydride clusters, mixed-anion strategies (e.g.,
Li,(CB;1H,),(CBgH,();_,), or nanoconfined phases to
suppress phase transitions and boost room temperature
conductivity, the present findings reveal that systematic
perhalogenation coupled with the choice of smaller, more
polarizing Li* over Na" offers an orthogonal design parameter
to modulate order—disorder phase transitions, anion reorienta-
tional barriers, and Li* transport pathways.” Notably, the
superionic conductivities achieved by Li,B,,Cl, (~0.12 S
em™!) and LiyB;,Br;, (20.05 S cm™') above their order—
disorder phase transitions rival those of benchmark complex
hydrides, while the wide electrochemical windows echo the
stability of recently reported functionalized closo-borates and
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nido-borates.” By elucidating how anion mass, size, polar-
izability, and charge anisotropy govern these properties, this
study positions the Li,B,X;, series (X = F, Cl, Br, I) as a
suitable model system for elucidating structure—property
relationships in polyborate electrolyte materials.

B CONCLUSIONS

The Li,B},X;, salts (X = F, Cl, Br or I) are thermally robust
materials exhibiting high stability over a wide temperature
range, exceeding that of Li,Bj,H;,. At room temperature,
Li,B,F;, crystallizes in an orthorhombic structure with the
space group Cmca, while the chloro-, bromo-, and iodo-
derivatives adopt a cubic Pn3 structure. The low-temperature
phases of the Li,B,,X, salts (X = Cl, Br) are stable in a wider
temperature range, as evidenced by the higher phase transition
temperatures, which are approximately 100 °C above those of
their sodium counterparts.” The elevated transition temper-
atures reflect stronger and more directional cation—anion
bonding in the lithium salts, arising from the smaller ionic
radius and stronger polarizing power of Li*. Above the phase
transition temperature, Li,B,,Cl;, and Li,B;,Br;, form a
disordered cubic structure with the Fm3m symmetry and
exhibit superionic conductivity. No disordered high-temper-
ature phase was observed in Li,B,F;, and Li,B,I;, before
decomposition, although their ordered phases are thermally
stable up to about 768 and 837 K, respectively. Within the
Li,B},X,, series, the charged tips of the [B;,X;,]*” anion
become less negative from F to I, leading to a weaker
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coordination of [B,,Cl;,]*” than [B,F,,]* to metal ions as
evidenced by the smaller number of the surrounding Li*
cations around the anions and lower phase transition
temperature in Li,B,Cl;, than in Li,B,F;;, and more
tendency for hydration down the halogen group. On the
other hand, for the isostructural Li,B,,X;, (X = Cl, Br, and 1),
from CI to I, the increased anisotropic charge distribution in
the B,,X,, anion leads to stronger directional bonds to cations
and thus greater resistance to reorientational anion disorder,”
supporting the idea that the reorientation becomes pro-
gressively more difficult for heavier and larger anions as
evidenced by the increased phase transition temperature from
Li,B,,Cl,, to Li,B,,Br;, and decreased ionic conductivity from
Li,B,,Cl,, to Li,B,L,,.

The combination of exceptional thermal stability and
superionic behavior above the phase transition temperature
positions Li,B,,Br, and Li,B;,Cl;, as promising candidates for
thermal batteries. Compositional modifications of pure
compounds can further lower polymorphic transition temper-
atures, extending the application range of these materials, as
demonstrated for mixed-anion compounds Li-
(CBgH19)7,(CByHp)o5 or Naz(CB9H10)(CB11H12)-45_47
Such modifications may also help stabilize high-temperature
forms and enhance the ionic conductivity. A noteworthy
characteristic of these electrolytes is their high electrochemical
stability, with wide potential windows in solutions (up to 3.0
V), similar to other compounds used in batteries."”**™>" In
addition, the structural, spectroscopic, thermal stability,
electrochemical stability, and ionic conductivity data presented
here provide a rich data set for data-driven approaches that
could enable discovery of optimized closo-borate electro-
lytes.>">* Looking ahead, the synergy of high thermal stability,
weak coordination, structural disorder, and superior Li*
conductivity in perhalogenated closo-dodecaborates establishes
them as a platform for next-generation electrolytes in advanced
batteries and electrochemical devices.
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