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Abstract: In this study, the use of a closo-borate salt as an electrolyte for lithium-ion batteries (LIB)
was evaluated in a series of solvent systems. The lithium closo-borate salts are a unique class of
halogen-free salts that have the potential to offer some advantages over the halogenated salts currently
employed in commercially available LIB due to their chemical and thermal stability. To evaluate
this concept, three different solvent systems were prepared with a lithium closo-borate salt to make
a liquid electrolyte (propylene carbonate, ethylene carbonate:dimethyl carbonate, and 1-Butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide). The closo-borate containing electrolytes were
then compared by utilizing them with three different electroactive electrode materials. Their cycle
stability and performance at various charge/discharge rates was also investigated. Based on the
symmetrical cell and galvanostaic cycling studies it was determined that the carbonate based liquid
electrolytes performed better than the ionic liquid electrolyte. This work demonstrates that halogen
free closo-borate salts are interesting candidates and worthy of further investigation as lithium salts
for LIB.
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1. Introduction

Lithium-ion batteries (LIB) have emerged as ubiquitous components of personal
consumer electronics, electric vehicles, and grid storage owing to their high energy density.
Although significant advances have been made to fine-tune and enhance the properties
of cathode and anode materials, the electrolyte salt (LiPFs) used in many these systems
has remained nearly constant since the rechargeable LIB was released by Sony in the early
1990s [1]. LiPF¢ has a low ionic conductivity in the solid-state so it must be dissolved in
a nonaqueous solvent to facilitate its dissociation and produce mobile Li* in solution to
facilitate charging and discharging. Manufacturers have developed a series of carbonate
based solvent systems and additives to enhance cycle stability, ionic conductivity, thermal
stability, and solid electrolyte interface (SEI) formation. However, the carbonates used are
flammable and can act as a fuel source if there is a short circuit or thermal runaway in a
battery. This has led to the investigation of ionic liquids as the solvent medium or additives
for LIB to reduce or eliminate the flammable component of the electrolyte system [2].

The other common lithium salts utilized for this purpose include but are not limited
to LiAsFg, LiBF, and LiClO4. However, these other salts are typically only utilized in a
laboratory setting and are not typically found in commercial LIB due to similar drawbacks
among other issues. As the deployment of LIB increases, there is an ever-increasing need
to consider safety and possible recycling issues associated with these and similar systems.
This is attributed to the tendency of PFs~ to undergo hydrolysis and form HF upon
exposure to moisture or form reactive byproducts at elevated temperatures. The chemical
stability and safety issues associated with current commercial electrolyte systems has gained
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international attention through incidents that occurred with the Boeing 787 Dreamliner,
Tesla Model S, and Samsung Note 7.

The high chemical reactivity and low thermal stability of halogenated electrolytes has
led to the search for halogen-free alternatives that offer similar or enhanced electrochemical
performance, have low chemical reactivity, and are thermally stable. This has led to
an interest in the lithium salts of anionic polyhydroborate clusters as possible candidates.
Many of these large boron rich anion (LBRA) clusters are considered superhalogens because
they have vertical displacement energies (VDE), the energy needed to remove an electron
from the cluster, greater than that of the halogen group [3,4]. The metal salts containing
LBRA have been extensively studied because they are often problematic intermediates or
unwanted byproducts resulting from the dehydrogenation of metal borohydrides being
investigated for solid-state hydrogen storage [5,6]. This has led to the discovery that highly
mobile cationic and anion species are present in these materials via various methodologies.

It has been shown that a number of LBRA containing salts (MpB12Hj2, MBi1Hjy,
M,B1oH; 0, MCB11Hpp, MCBgH;, MB;;Hyy, etc.) have cationic conductivities >10~! S/cm
in the solid state [7-23]. This behavior is attributed to the unique vibrational and rotational
dynamics of the LBRA that can to occur on time scales faster than cation diffusion in the
solid state [24-26]. A series of NMR, QENS, and MD calculations have demonstrated
that the cation translational mobility is correlated with the reorientation rate of the LBRA
consistent with a “paddle-wheel” mechanism [10,25,27,28]. This cation translational motion
and anion reorientation rate can be tuned via temperature (phase transitions), cation
vacancies, the type of atom attached to the boron cage (i.e.,, H, Cl, F, Br), and LBRA
size [7,12,13,29-33].

While there has been an extensive experimental and theoretical analysis of LBRA salts
in the solid-state, there is limited understanding of how these materials behave and perform
when used in a liquid electrolyte system. Some of the initial work investigating the use of
lithium LBRA salts as non-aqueous electrolytes were initiated in the early 80s by recent
Nobel Laureate M. Stanley Whittingham and colleagues at Exxon [34-36]. They utilized the
lithium salt of a chlorinated closo-borate (Li;B1¢Cljp). Since this initial work, there are only
a few other reports using lithium closo-borate salts as either electrolytes or redox shuttles for
overcharge protection in LIB [37-39]. In all of these prior studies, the lithium closo-borate
was halogenated (typically fluorinated) to improve solubility. Additional MO calculations
found that the dissociation energy of the first Li* from LipB1,Fq2 (126 kcal/mol) is actually
lower than the dissociation energy of LiPF4 (132 kcal/mol) [40]. However, the dissociation
of the second Li* from Li; By, F; is significantly higher (192 kcal/mol). This is consistent
with a dynamic equilibrium existing in solution with Li*, LiB1,F1, ~, and Bi,F1p 2 present
in these electrolyte solutions.

LBRA, such as the closo-borates, do not readily undergo hydrolysis to produce acidic
byproducts even when halogenated unlike the common anion (PF4 ™) utilized in current
liquid electrolytes for LIB. In fact, the LBRA salts are often isolated as MnBy X, (M = alkali
or alkaline earth metal, X = H, F, Cl, Bz, I) hydrates that are dehydrated under vacuum
at elevated temperatures (>200 °C) to obtain the anhydrous form [36]. Other alkali (Na,
K, Cs) LBRA salts can be prepared from the acid form of the LBRA followed by cation
exchange with an alkali hydroxide [7,25]. The excellent water and thermal stability were
the impetus for investigating a halogen-free lithium closo-borate salt in common liquid
electrolyte systems. Additionally, the halogenated version of the closo-borates requires the
use of fluorine or chlorine gas in their synthesis which has inherent safety concerns and
may reduce their access in certain research settings.

In this report we evaluate the electrochemical properties of a halogen-free closo-borate salt
(LipB12Hjp) in three different liquid solvents (propylene carbonate, ethylene carbonate:dimethyl
carbonate, and 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide). Symmetri-
cal Li/Li cells were assembled and cycled to evaluate lithium stripping and plating of
lithium at different current densities. Half cells were prepared with a lithium metal elec-
trode and three different electroactive materials (titanium disulfide, lithium titanate, and
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perylenetetracarboxylic diimide) and cycled galvanostatically. The ionic conductivity and
cycle performance of each liquid electrolyte is compared. FTIR is also utilized to investigate
the interaction of the different solvent systems with the Li* and the B,Hpp 2.
2. Materials and Methods

2.1. Chemicals

All reagents were purchased from Fisher Scientific: propylene carbonate (PC), ethylene
carbonate (EC), dimethyl carbonate (DMC), 1-Butyl-3-methylimidazolium bis(trifluorometh-
ylsulfonyl)imide (BMIM-TFSI), titanium disulfide (TiS,), lithium titanate (LisTi5Oq,, LTO),
perylenetetracarboxylic diimide (PTCDI), decaborane, lithium borohydride (LiBH,4), and
acetylene black (AB).

2.2. Li;B1pH1, Synthesis and Electrolyte Preparation

Lithium dodecahydro-closo-dodecaborate, LiyBi,H;, (referred to as lithium closo-borate)
was prepared in an argon filled glove box following a procedure previously described [41].
Briefly, stoichiometric ratios of lithium borohydride, LiBHy4, and decaborane, BjgH14, were
measured into a stainless-steel ball mill and sealed. These materials were milled together
using an MSK-SEM-Desk-Top High Speed Vibrating ball mill with 50 g of stainless-steel
balls for 45 min. The ball milling was completed in five-minute intervals. Each five minutes
of ball milling was followed by a five-minute cool down period. After every ten minutes of
ball milling, the material was brought back into the argon glovebox to be scraped down to
encourage even milling. The resulting material was then measured into a stainless-steel
Swagelok cell, sealed using copper gaskets, and annealed at 200 °C for 18 h in a CF1100
Muffle Furnace. The Swagelok cell was then brought back into the argon glovebox and
the annealed material was collected and ground using a mortar and pestle. The resulting
Li;B1p,Hj, powder is light yellow in color.

The lithium closo-borate salt was used to prepare three 0.5 M liquid electrolyte solutions
with the following solvents: anhydrous propylene carbonate (PC), a 1:1 volume ratio of
anhydrous ethylene carbonate (EC) and dimethyl carbonate (DMC), and anhydrous 1-
butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (BMIM-TFSI). Li;B1oHio
powder was very slowly incorporated into the anhydrous solvents with stirring and evenly
dispersed via sonication to mitigate the formation of large agglomerations of material.
A small portion of the closo-borate does precipitate over time, however, the solution is
still opaque even when stored for months in a fridge at 5 °C. The solid can be ready be
redispersed with stir bar mixing before use.

2.3. Anode/Cathode and Coin Cell Preparation

Cathode materials were prepared on aluminum foil while anode materials were pre-
pared on copper foil. A slurry was made using the following basic formula: active material
(80 wt. %), conductive carbon (10 wt. %), and a binder (10 wt. %). The active materi-
als included LTO for anode preparations and TiS; and PTCDI for cathode preparations.
The conductive carbon utilized was acetylene black (AB) and the binder utilized was
polyvinylidene fluoride (PVDF). The respective amounts of each powder were measured
and homogenized using a mortar and pestle. A slurry was prepared by adding minimal
amounts of n-methyl-2-pyrrolidone (NMP), with constant stirring. The prepared slurry was
allowed to mix and pipetted onto its respective current collector and cast into a 11 um-thin
film using a micrometer doctor blade. The thin film was allowed to dry overnight at 80 °C.
TiS, active material slurries were sustained in an inert environment throughout preparation
and cast in an argon glove bag. Once dry, 10 mm disks of the material were cut out using
an individual hole punch. All capacities are reported with respect to the amount of active
material in the anode or cathode (specific capacity).

Coin cells were prepared using CR 2032 cases. A 10 mm disk of Li foil was cut and
placed at the center of the coin cell base. An 18 mm disk of glass fiber filter paper was
utilized as a separator and was saturated using a small amount of the prepared liquid
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electrolyte solution. The anode or cathode disk was applied with the active material side
down onto the filter paper separator. To ensure good contact of the electrodes with the
electrolyte solution, a stainless-steel disk and spring were centered on top. The coin cell
was closed using the cap and the cell was sealed using a Digital Pressure Controlled Electric
Crimper. All electrochemical experiments were performed on BioLogic VMP3 multichannel
potentiostat. Constant current cycling data was obtained using symmetrical coin cells
constructed in a similar fashion, using Li foil disks with an area of 0.80436 cm?. Constant
current cycling was performed at current densities of 0.25, 0.5, 0.75, and 1 mA cm 2. Tonic
conductivity of the liquid electrolyte solutions as a function of temperature was measured
by electrochemical impedance spectroscopy (EIS) between two polished stainless steel
blocking electrodes.

3. Results
3.1. Electrochemical Properties

The closo-borate salt was prepared by a solid state synthesis route previously re-
ported [41]. This solid-state annealing process is known to yield a product that contains a
mixture of closo-borates with the majority of the sample containing Li; BjoHip (85 wt. %),
LiyB1gH1g (12 wt. %), and a small fraction of other borates via 1'B NMR [42]. Although, this
process produces a mixture of closo-borates it has been well established in the literature that
mixtures of closo-borates offer higher ionic conductivity in the solid-state than the two com-
ponents individually [43]. Additionally, our investigation suggests that the need for a high
purity closo-borate salt is not necessary for excellent electrochemical performance when
paired with the electrode materials evaluated. Since Li;B1,Hj; is the major component of
the closo-borate salt mixture, it will be referred to as “Li> B1,H1,” herein.

The solubility of the Li;B1pHj, is relatively low and forms an opaque light-yellow
suspension which resembles a “soggy sand” type of electrolyte for the three electrolyte
systems tested. In a soggy sand type electrolyte, a solid-state inorganic filler (i.e., TiO,,
5i0,, Al,O3) is dispersed in a liquid electrolyte containing a soluble lithium salt (i.e., LiPFg,
LiClOy, LiBF,) [44—46]. In this type of electrolyte, it has been determined that the addition
of the insoluble particles results in the formation of a solid-liquid interface that supports fast
lithium-ion condition at this two-phase interface. This is attributed to the partial desolvation
of the Li* leading to higher mobility at these boundary layers. In the electrolytes presented
herein, a portion of the Li;B1,Hjj; is soluble, while another portion remains solid producing
a solid-liquid interface that can facilitate fast ion transport along that boundary. This
system is unique because the lithium salt and the solid-state filler (Li;B1pH;j») are both the
same material.

The ionic conductivity of the electrolytes as a function of weight % Li;B1pHip was
first evaluated with electrochemical impedance spectroscopy (EIS) in a modified Swagelok
type cell (Figure 1a). A maximum conductivity was obtained with 5 weight % Li;B1,Hi»
dispersed in the liquid electrolyte. The EC-DMC electrolyte shows the highest room
temperature ionic conductivity (4.3 mS/cm) followed by PC electrolyte (2.4 mS/cm), and
the BMIM-TFSI electrolyte (1.1 mS/cm) as shown in Figure 1b. As expected, the ionic
conductivity increases as a function of temperature due to the added thermal energy in the
system which helps to facilitate the dissociation of the salt, increasing the concentration of
free Li* in solution. This also helps to reduce ion pairing leading to a higher concentration
of charge carriers in solution and the observed higher ionic conductivity.

The observed trends for the ionic conductivity are likely attributed to a combination
of the dielectric constant (¢) of the solvent and its viscosity (1). For PC, EC, DMC, and
BMIM-TESI the dielectric constants are 64.9, 95.3, 3.12, and 14.0, respectively, at 25 °C (for
EC the value is 89.8 in the liquid state at 40 °C; EC mp = 37 °C) [47,48]. The viscosity of
PC, EC, DMC, and BMIM-TFSI is 2.51, 1.93, 0.59, and 61.14 cp, respectively, at 25 °C (the
value for EC is at 40 °C). The EC-DMC likely has the highest overall ionic conductivity
because EC has the highest ¢ while the DMC has the lowest # values out of the series. The
synergistic effect of the high ¢ component (EC) and the low # component (DMC) helps to
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dissolve the LipB1oH;j, and allows the least restriction to ion migration. PC has moderate &
and 7 values relative to the series leading to the intermediate ionic conductivity. The BMIM
has an extremely high 77 and a relatively low ¢ value leading to the observed lower ionic

conductivity for this electrolyte.
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Figure 1. (a) Ionic conductivity in EC-DMC as a function of the weight % of Li;B1;Hj, suspended
in EC-DMC liquid. (b) Ionic conductivity as a function of temperature (25 to 60 °C) for the three
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different solvents containing 0.5 M Li;B1,Hj».

To evaluate the stability and compatibility of the electrolytes with a lithium metal elec-
trode, symmetrical cells (Li/electrolyte/Li) were assembled and cycled at different current
densities (Figure 2). The EC-DMC electrolyte showed the lowest voltage hysteresis followed
by PC and BMIM-TFSI which is consistent with the ionic conductivity measurements. In all
three of the tested solvents, they showed compatibility with the metallic lithium electrodes
and there was no obvious indication of shorting due to dendrite formation for the constant
current cycling tested at the indicated current densities. However, it will be necessary to
perform additional extended cycling and characterization of the 3 electrolyte systems to

confirm this finding (Figure S1).
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Figure 2. Constant current cycling using a symmetrical Li/electrolyte/Li cell cycled at different
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current densities with the three different electrolytes (PC, EC-DMC, and BMIM-TFSI) at 20 °C.
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Demonstrating compatibility with lithium metal anodes is essential for the develop-
ment of new electrolyte systems and salts. The lithium metal anode has an extremely high
theoretical specific gravimetric and volumetric capacities (3860 mAh/g and 2061 mAh/cm?)
and the lowest negative electrochemical potential (—3.04 V vs. SHE) [49]. This would allow
a significant enhancement in the gravimetric and volumetric capacity of commercial LIB if
it replaced the graphite anode (350 mAh/g and 760 mAh/cm3). However, a major hurdle
to overcome is the formation of lithium dendrites during the deposition of lithium from
the cathode onto the lithium metal anode [50]. This requires the uniform deposition of
lithium and minimization of “hotspots” that facilitate dendrite growth upon subsequent
cycles. The evaluation of in-situ and ex-situ monitoring of the lithium deposition on the
surface of the metallic lithium anode is currently under investigation for this series of
electrolytes to confirm.

Figures 3-5 show the galvanostatic cycling data for the three different solvent systems
with LTO, TiS;, and PTCDI respectively at the indicated cycling rates. For the anode LTO
(Figure 3) the two carbonate-based electrolytes (PC and EC-DMC) display a relatively small
loss in capacity as the cycle rate is increased from 0.1 C (10 h charge or discharge) up to 10 C
(6 min charge or discharge). Both of these electrolytes show excellent and stable capacity
retention up to 300 cycles at a rate of 2 C. The difference in capacity between the two
carbonate electrolytes after 300 cycles is less than 4%. The BMIM-TFSI electrolyte shows a
significant capacity loss as the cycling rate is increased and has zero capacity at 10 C. The
behavior of the cells prepared with the BMIM-TFSI also show very erratic and unstable
cycling profile. The profile shown in Figure 3 is a typical example of the behavior observed
for this electrolyte.
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Figure 3. Comparison of the galvanostatic cycling performance of an LTO anode when paired with
the three different electrolytes at the indicated cycling rates at 20 °C.

The cycle stability of the TiS, cathode is shown in Figure 4 for the solvent systems.
The EC-DMC electrolyte clearly showed a higher capacity retention over the PC electrolyte
up to 5 C. However, both of the carbonate electrolytes do not show any capacity at the
high cycling rate at 10 C. During extended cycling at 2 C up to 300 cycles the EC-DMC
electrolyte clearly outperforms the PC electrolyte by maintaining a 178 mAh/g capacity
versus 154 mAh/g. This extended cycling also suggests that the closo-borate salt with the
lithium metal anode is relatively stable. The BMIM-TFSI showed a low capacity even at the
lowest cycling rate (112 mAh/g) which dropped significantly as the cycling rate increased.
It showed little to no capacity during the extended cycling study at 2 C. Figure S5 contains
the full cycling study including the omitted points from Figures 3 and 4.
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Figure 4. Comparison of the galvanostatic cycling performance of a TiS, cathode when paired with
the three different electrolytes at the indicated cycling rates at 20 °C.
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Figure 5. Comparison of the galvanostatic cycling performance of a PTCDI cathode when paired
with the three different electrolytes at the same current density (20 mA/g) at 20 °C.

Due to the environment impact of mining and processing of transition metals nec-
essary for inorganic cathodes, organic cathodes have grown in interest in recent years as
sustainable alternatives [51]. Perylenetetracarboxylic diimide (PTCDI) is an example of
an organic cathode that is a derivative of perylene and has been shown to have the ability
to serve as a host for alkali metals [52,53]. The cycling study was performed for all three
electrolytes at the same current density of 20 mA /g of active PTCDI material. All three
electrolytes show a gradual rise in the capacity as a function of cycling. We attribute this
behavior to the formulation of the cathode slurry. It is possible that the PTCDI molecules
interact strongly through 7-7t stacking which could limit access to the active carbony] sites.
As subsequent cycles are performed, the intercalation of Li* into the PTCDI could cause
a small volume expansion which creates more surface area, resulting in more accessible
PTCDI molecules for Li*. Both of the PC and EC-DMC electrolytes show a gradual rise
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and then start to plateau above 70 cycles, attaining a capacity greater than 100 mAh/g.
However, beyond 100 cycles, the capacity of the cells starts to fall and is likely due to
delamination or dissolution of the active material from extended cycling. Consistent with
the other electrode tests the BMIM-TFSI showed the worst performance and low capacity
relative to the carbonate electrolytes. Figures S2-54 show the galvanostatic charging and
discharging profiles for each electroactive material in the electrolytes at different cycling
rates. Figure S5 shows the full cycling data for the LTO and TiS; electrodes.

3.2. FTIR

To evaluate the solvation of the Li* and Bj,Hj, 2 ions in the different solvents, FTIR
was utilized to monitor the changes in the vibrational modes of selected functional groups
responsible for the solvation. Figure 6a shows the FTIR of pure PC (black) and the PC-
Li;BipHj; electrolyte (red) with selected vibrational modes identified. The formation of
new vibrational modes is evident in the presence of the salt. The differences are highlighted
in the A Transmittance plot (green) in the bottom frame of the figure. The A Transmittance
plot is obtained by subtracting the normalized spectrum of pure PC from PC-Li;B1,Hj; (red
spectrum-black spectrum). The negative peaks in this portion of the figure highlight the
formation of new peaks formed by the interaction of PC with the dissolved salt. It is known
that the shift in the carbonyl resonance (C=0) to lower wavenumbers and the shift of the
carbonate ring structure (O-CHj, O-C-O, and C-O) to higher wavenumbers is consistent
with the solvation of a Li* with 4 PC molecules as previously shown for LiClO, in PC [54].
The B-H stretching mode of LiyB1,H1, powder (blue) and PC-Li;B1,Hj; electrolyte (red) is
shown in Figure 6b. A dual peak is shown for the B12Hi, 2 due to the unsymmetrical Li*
environment around the cage in the solid state. Upon dissolution in PC, the peak coalesces
into one peak and is consistent with a symmetrical solvation environment around the
B12Hi, 2. Similar behavior has been observed for a LiyB1,Hj,-7NH; complex in which the
Li* are displaced from the B1,Hj, ~2 and solvated by NHj3 [55]. It is likely that a similar
process is occurring when Li;B1,Hj; is dissolved in PC. The solvation of the BioHpp 2
is likely achieved by interacting with the electropositive portion of the PC ring (-CHj-
CH(CH3)-) rather than the electronegative carbonate portion which favors Li* solvation.
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Figure 6. Selected FTIR regions for PC and the PC-Li;B1,Hj, electrolyte at 20 °C, (a) PC liquid (black),
PC with Lip B1p,Hj5 (red), the difference between the transmittance of the PC solvent with and without
the added Li;Bi,Hj, (green). The dashed lines indicate selected modes of PC (b) B-H stretching
region of the BioHip 72, LiyB1oHyp dry powder (blue), (1:1) PC with Li;Bj,Hj (red).
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Figure 7a shows the FTIR of a pure (1:1) EC-DMC mixture (black) and the EC-DMC
-LipB1pHj; electrolyte (red) with the corresponding peaks of the two carbonates labeled.
It is clear that the addition of Li,B1,Hj, interacts with both EC and DMC based on the
changes in peak intensity and formation of new peaks. The A Transmittance plot (green) in
the bottom panel highlights the formation of new peaks (negative) and is consistent with
EC and DMC facilitating the solvation of Li* as previously shown in a EC-DMC-LiClOy
electrolyte [56]. It is likely that this creates a relatively dynamic solvation environment in
this system with multiple energetically similar solvation environments unlike the single
component PC solvate. These multiple environments could lead to more disorder in
the system and help to create a more mobile Li*, leading to the observed higher ionic
conductivity for this electrolyte system. Figure 7b shows a result similar to what was
observed for PC-Li;B1,Hj; in the B-H stretching region. The resulting single B-H stretch
indicates the Bj;Hy, 2 has a symmetrical solvation environment through interaction with
the electropositive portion of EC and DMC.

EC EC EC EC EC
DMC
o
5 2
¢ s
N =
= o
< o
£ E T c
o € ﬁ ]
z g = £
- g E
7
1
S
g 0.2+ Z =
g ] =
£ o0
5 4
c  -0.2-
o ]
i
< -04 T T T T T T T T T T T T T T T T T T
2000 1800 1600 1400 1200 1000 2700 2600 2500 2400 2300 2200
Wavenumber (cm™) Wavenumber (cm™)
(a) (b)

Figure 7. Selected FTIR regions for EC, DMC, and the EC-DMC-Li;B1,Hj; electrolyte at 20 °C, (a) (1:1)
EC-DMC liquid (black), (1:1) EC-DMC with Li;Bj,Hj (red), the difference between the transmittance
of the EC-DMC solvent with and without the added Li;B1,Hj, (green), vertical solid and dashed
lines indicate vibrations associated with EC and DMC, respectively; (b) B-H stretching region of the
Blelziz, LizBquz dry powder (blue), (11) EC-DMC with LizBlelz (red).

The FTIR of the BMIM-TFSI and BMIM-TFSI-Li; B1,Hj, liquid electrolyte were also
measured in a similar fashion (Figure S6). There are only subtle changes in the relative
intensity in the fingerprint region between the IL and the IL-Li;B1,Hj; electrolyte. Other
than the appearance of the B-H stretch centered at 2470 cm ™! due to the added Li closo-
borate, there were no obvious new peaks formed as observed for the carbonate-based
electrolytes. This is likely due to a much lower affinity for the IL and the Li;B1,Hj; salt
leading to a smaller fraction of dissociation, with less “free” Li* in solution. This is also
consistent with the lower ionic conductivity and the poor performance in the galvanostatic
cycling experiments with the anodes and cathodes tested.

4. Conclusions

In this work, we evaluated the effect of three different solvent systems on the electro-
chemical properties and performance on the Li;B1,Hj; salt. These studies showed that
the EC-DMC had the best overall performance as a solvent for the Li;B1,Hj, electrolyte
salt. Galvanostatic cycling studies showed good stability and capacity retention for LTO,
TiS;, and PTCDI up to 300 cycles for the carbonate-based solvents at high charge and
discharge rates. The electrolytes showed good stability with Li metal electrodes during
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lithium stripping and plating experiments. This study suggests that the use of a LBRA
containing lithium salt in a liquid electrolyte is worthy of further investigation as a halogen-
free salt. However, additional fundamental studies are needed to understand solvation
environments and dynamics occurring in solution and at the electrode electrolyte interface.
Additionally, these materials need to be tested and evaluated with higher voltage cathode
materials (i.e., nickel rich NMC) to determine if they are stable and able to work at high
current densities. These studies are currently underway and will be reported in due course.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
3390/app12052273/s1, Figure S1: Extended constant current cycling at 1 mA /cm?, Figure S2: Charge
and discharge curves for PC, Figure S3: Charge and discharge curves for EC-DMC, Figure S4: Charge
and discharge curves for BMI-TFSI, Figure S5: Full plot of all cycling data for LTO and TiS,, Figure Sé6:
FTIR spectrum of the BMIM-TFSI electrolyte.
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