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Abstract

Lithium-ion cells utilize almost exclusively mondeat lithium salts as main
electrolyte component. Apart from scarce works aifosyl imide derivatives, even in terms
of basic parameters little is known about multimalBthium salts’ behavior in electrolytes.
Here we present the new trivalent lithium salt datéd to electrolytes for lithium-ion cells.
Trilithium  2,2’,2"-tris(trifluoromethyl)benzotris(hidazolate) (LiBTI) synthesis and its
performance in PC and EC:DMC solutions is descriliedthis paper. The structure
and stability of this new lithium salt was fully afacterized by NMR and Raman techniques
as well as thermal methods. Basic electrochemiaedmpeters of electrolytes based on this
salt were done by linear sweep voltammetry, lithiwation transference number
and conductivity measurements. The salt was dedigspecifically to manifest
extraordinarily high lithium cation transferencenmuaer (0.73 in EC:DMC 1:1 ratio mixture).
However this new salt exhibits also thermal stapiif 160 °C and electrochemical stability
up to 4.5 V vs Li, as well as conductivities of thenS crit order of magnitude in liquid
electrolytes. Promising compatibility results ofetlobtained electrolyte against Si/C

composite anodes are also reported in this paper.



1. Introduction

Lithium-ion batteries are the main driving force wfost advances in electronic
portable devices nowadays. Electrolytes for lithikom cells are dominated by LiRsalt,
which is almost exclusively used for electrolytempmsing. Its advantages are high
conductivity and wide electrochemical stability. forunately, its disadvantages are
numerous: hydrolysis with trace moistdrénermal stability as low as 68 2@nd low lithium
cation transference number(]).> Other notable salts are LiClOknown to be explosive
LiTf (lithium trifluoromethylsulfonate) and LITFSI (lithium
bis(trifluoromethylsulfonyl)imide) which are knowrto cause aluminum corrosidn.
Therefore, there is a persisting demand for lithisalt free of low Ty, thermal
and electrochemical instability. That demand hasbbksd research oriented on multivalent
salts in the past®

In large multivalent anion charge distribution igygested to be more uniform. This
phenomenon should effect;Tto be highef. Unfortunately, all of multivalent salts’ research
have focused on sulfonyl imide derivati¥8sand as such are prone to sulfonyl imide
disadvantages. The most important are expensiviesis and low conductivity — in case
of multivalent sulfonyl imide salts it is much snealthan this of LiTFSI. As for transference
numbers, none have been measured for this clasatef Also other alkali metal multivalent
salts for electrochemical applications were baséelyson this salt class.

Other related concepts include pseudo-localizedterion-type salts’ also based
on sulfonyl derivatives. These have not yet beemnth®sized and as such, not investigated
experimentally so far. Another idea of using polgas as components of lithium-ion cell
electrolytes has been investigated for some tim&Polyanions are known to have high.T
but very low ionic conductivity — similar to tradihal solid polymer electrolytes or even
alower oné?® Also among polyanions the sulfonyl functional grohas been playing
a prominent role so far.

Recent success of imidazole-derived lithium sditg,notably LiTDI (lithium 4,5-
dicyano-2-(trifluoromethyl)imidazolate), has encaged us to adapt this Hluckel-class anion
idea to tailor multivalent salt. As LiTDI exhibiigh T, itself, multivalent salt based on TDI
structural fragment should exhibit even higher orWdso very high electrochemical
and thermal stability of LiTDI should also be paksa to such a new anion.

Absence of oxygen atoms in this new salt shouldabeadvantage due to lack
of lithium favored coordination sites on oxygenmao That way lithium-anion interactions

should be weakened and lithium cation transfereneeber should increase. Aromatic rings
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presence, symmetrical geometry and numerous wealdioation sites for lithium should
further increase (I.. Absence of hydrogen atoms should prohibit anygoroelated issues
such as increase of solution acidity or free adddning. Trifluoromethyl electron-
withdrawing groups in the anion should stabilize ttharge (or charges) on the anion.
Fluorine presence is known to increase compountilisgaagainst oxidatiort®® Proposed
salt with such features - trilithium 2,2’,2"-trisiftuoromethyl)benzotris(imidazolate)
(LisBTI) - is depicted in Figure 1. In this paper wemimne two novelties. First deals with
the new path of systematic studies of imidazoleKkedli@anions. Secondly, here we present
first multivalent lithium salt tailored specificglfor lithium-ion cells which does not contain

sulfonyl group.
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Fig. 1. LigBTI (trilithium 2,2’,2"-tris(trifluoromethyl)benzot ris(imidazolate)) salt.

2. Experimental methods

2.1. Synthesis of the L§BTI salt

An overview of the synthesis is depicted in Fig@reAll commercially available
chemicals were used as obtained.

Nuclear magnetic resonance (NMR) spectra were decbron FT-NMR Bruker
Avance 500 MHz with UltraShield 500 Plus 11.744 dperconducting magnet. Samples
for NMR experiments were dissolved in deuteratethatinyl sulfoxide (DMSO-¢] 99.96
atom % D, Aldrich).

Raman spectrum of pure crystalline salt was peréorion Nicolet Almega dispersive
spectrometer at room temperature. Diode laser antlexcitation line at 780 nm was used.

The spectral resolution was about 2'tm
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Fig. 2. Synthesis of LiBTI.

1,3,5-Trichloro-2,4,6-trinitrobenzene?), Potassium nitrate (121.2 g, 1.2 mol) was
added to 25 % oleum (496.8 mL, 960.12 g, 3 mo})AD 65 °C. The resulting mixture was
then heated to 110 °C and after becoming cleab-trighlorobenzend (27.21 g, 0.15 mol)
was added with stirring. The temperature was ratsed35 °C and held for 12 h. After
cooling to room temperature the viscous mixture slas/ly poured onto flacked ice (2 kg).
The solid which separated was filtered off, wasftied of acid, dissolved in dichloromethane
(300 mL) and dried with anhydrous pD;. After solvent evaporation and recrystallization
of a crude product from methanol 1,3,5-tichloro;@#initrobenzene (33.69 g, 71 %) was
obtained as a pale yellow crystals (mp 192-195litG° mp 190 °C from chloroform)-*C
NMR (CDCk, 125 MHz,8): 122.3 (sC-Cl, 3C), 147.4 (sC-NO,, 3C).

1,3,5-Triamino-2,4,6-trinitrobenzene 3)( Through a  boiling  solution
of 1,3,5-tichloro-2,4,6-trinitrobenzen2 (49.6 g, 192 mmol) in toluene (1 L) an intensive
flow of dry gaseous ammonia was passed. After @€shlting yellow suspension was cooled
to room temperature and a precipitate was filtefédThe solid was washed with water until
became free of chlorides, and then with methandl @ichloromethane. Drying on the air
resulted 1,3,5-triamino-2,4,6-trinitrobenzene (18.93 %) as a yellow powder.

2,2',2"-Tris(trifluoromethyl)benzotris(imidazole) 5. 1,3,5-Triamino-2,4,6-
trinitrobenzene (5.0 g, 19.37 mmol) was suspended ethyl acetate (230 mL)
and hydrogenated with vigorous stirring at 60 °Q@eamnormal pressure with 10 % Pd/C
(1.33 g) as catalyst. Hydrogen uptake stopped &fterwhen the suspension had become
colourless. The solvent was evaporated with exotusof oxygen (70 °C, 15 Torr).
1,4-Dioxane (200 mL) was added to the residue had trifluoroacetic anhydride (13.7 mL,
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20.35 g, 96.85 mmol, 5 equiv) was added dropwisk wigorous stirring under argon
atmosphere. The resulting solution was then retlug h) and after cooling to room
temperature catalyst (Pd/C) was filtered off thioagatomaceous earth layer. A filtrate was
then transferred to a vessel equipped with a haguwum quality PTFE stopcock
and concentrated hydrochloric acid (4 mL) was addéte reaction mixture was heated
to 160 — 170 °C for 4 h. A crude product precigithfrom the solution on cooling to room
temperature overnight. The precipitate was filtexd#ti washed with water, dissolved
in acetone and repeatedly evaporated with benzer@der to remove water. As a result
2,2’ 2"-tris(trifluoromethyl)benzotris(imidazole)5(62 g, 72 %) was obtained as a grey
powder. *C NMR (125 MHz, DMSOdg, 8): 119.1 (q,J = 270 Hz, C€Fs 3C), 124.6
and 126.6 (2, 2x3C), 137.3 (qJ = 40 Hz,C-CR;, 3C).**F NMR (470 MHz, DMSOd,

d): -44.3 (S).

Trilithium  2,2’,2"-tris(trifluoromethyl)benzotris(nidazolate) €) (short name
LisBTI). To a solution of 2,2’,2"-tris(trifluoromethyl)benigs(imidazole) (3.0 g, 7.46 mmol)
in anhydrous THF (50 mL) metallic lithium pellet8.30 g, 43.23 mmol, 5.8 equiv) were
added under argon atmosphere. After 24 h the exafelhium was removed by filtration
and solution was evaporated. The residue was chogmaghed (aluminium oxide neutral, 50
g, eluted with anhydrous acetonitrile, 250 mL). @amed fractions containing white
monolithium salt were evaporated and dissolvedHif T50 mL). Then lithium hydride (130
mg, 16.41 mmol, 2.2 equiv) was added. After hydrogeolution stopped reaction mixture
was filtered and a filtrate was evaporated givingrilithium 2,2°,2"-
tris(trifluoromethyl)benzotris(imidazolate) (2.5 80 %) as a pale yellow powdéfC NMR
(125 MHz, DMSOsdg, 9): 121.8 (gqJ = 672 Hz, €F3, 3C), 129.6 (sCar, 6C), 139.6 (gqJ =91
Hz, C-CF;, 3C).**F NMR (470 MHz, DMSQd, 8): -61.9 (s). Raman (780 nm, ¢ijn 1649,
1559, 1536, 1399, 1315, 1295, 1228, 1067, 983,849,767, 607, 449, 443, 331, 229.

2.2.  Measurement techniques

TGA and DSC were performed on Du Pont Thermal Astalystem 2100.
Measurements were made in open ceramic pans atraosphere in 30-450 °C. Heating rate
was equal to 10 K mih

All samples for measurements were assembled imdrlied drybox with moisture
level less than 1 ppm. Prior to assembly, the wak vacuum-dried for 48 hours in 80 °C.
Solvents (propylene carbonate (PC), ethylene catieo(EC), dimethyl carbonate (DMC))



were anhydrous and used as provided (water cor@htppm for PC and DMC, <50 ppm
for EC).

Linear Sweep Voltammetry (LSV), conductivity measuents and lithium cation
transference number (T) were performed on VMP3 (Bio-Logic Science Instants)
multichannel potentiostat with Frequency Responsalyxer.

For LSV measurements samples were assembled ireldgtfolyte | Pt system
and the scan rate was 10 mV. sMeasurements were performed at room temperature.
Lithium metal was used for both reference and ceuelectrode.

lonic conductivity measurements used Electrochemiogedance Spectroscopy
(EIS) technique for obtaining resistance. Samplesewhermostated for at least one hour
at each temperature in Haake D50 cryostat in 0c&5@Mmperature range with 10 °C interval
with 0.05 °C precision. Prior to experiments celhstants were calibrated with KCI solutions
with at least 0.3% precision.

T+ experiments used Li | electrolyte | Li cells anérev performed at room
temperature. . was determined using standard Bruce-Vincent-Evarethod® using
a following equation: T= (Is AV - IoRp)) / (Io (AV — Is Rs)), whereAV was a polarization
voltage equal to 20 mV;pland L were initial and steady-state current during said
polarization, respectively; Rand R were resistances of solid electrolyte interfac&l)S
immediately before and after polarization, resp@tyi. EIS was performed in 500 kHz-100
mHz frequency range with 5 mV ac amplitude. At teasamples were measured for each
electrolyte composition to ensure data consisteStgndard deviation was not higher than
0.03 for any electrolyte. Detailed descriptionhistmethod can be found in other papérs.

Charge-discharge cycling used Li | electrolyte @d®, or Li | electrolyte | Si-C
half-cell system with silicon-carbon nano-structureomposite thin-film anode obtained
through use of microwave plasma assisted chemiagborv deposition (MPCVD).
Triethoxy(octyl)silane was used here as precurddetails of the MPCVD method
for nano-structured composite electrodes manufiagfuare described elsewhéfeCycling
voltage was set in 2.7-3.2 V range (half-cell contey LiCoO,) or 0.05-1.4 V (half-cell
containing Si-C) range. Current was chosen eveng tin such a way that both discharge
and charge would take one hour (1 C current). Eibtes used were as follows: 0.25 M
LisBTI in pure PC and 0.25 M iBTI in EC:DMC (1:1 weight ratio). Astrol Electronic
Bat-Small battery cycler was used for cycling expent.
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Fig. 3. Thermal stability of LisBTI, studied with TGA (solid line) and DSC (dashedine).
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Fig. 4. Linear Sweep Voltammetry plots of 0.1 M LiBTI solution in propylene carbonate

on platinum electrode.
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Fig. 5. Conductivity dependence of L.BTI concentration in propylene carbonate in the 0-B °C

range. Following concentrations are shown on thedire: 0.75 M ), 0.5 M @), 0.25 M (A),
0.1 M (o), 0.075 M (%), 0.05 M (+), 0.025 M|, 0.01 M @). Lines are only to guide the eye.

3. Results and discussion

LisBTI thermal stability measurement results are shawn Figure 3. Thermal
decompositioronsetis visible at 160 °C. It is definitely lower thahermal decomposition
of its monovalent analogue LiTDI (257 °C). On thbey hand it exceeds some monovalent
commercially available salfsAlso, thermal stability of laBTI is higher than most battery
solvent boiling points (DMC, DEC, EMGJ,so it is not a limiting factor for lithium-ion del
safety.

Electrochemical stability window is depicted on Uiig 4. There is lack of any LSV
signals within 0.1-4.2 V vs Li range. Anodic decargpiononsetis visible at 4.2 V vs Li.

Figure 5 depicts conductivity of 4BTI solutions in PC. A wide range
of concentration have been investigated. Maximurulsiity of LisBTIl was just above
0.75 M. A monotonic dependence between concentrai conductivity can be observed.
One exception form such a monotonic dependencéeandicated: 0.25 M concentration
at higher temperatures. This composition exhibighér conductivity energy activation.

Hence its conductivity increase with temperaturasser than that of other concentrations.
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Fig. 6. Conductivity dependence of L.BTI concentration in mixture of ethylene carbonate

and dimethyl carbonate (1:1 weight ratio) in the 080 °C range. Following concentrations are
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lonic conductivity of 0.75 M LgBTI-PC electrolyte at 20 °C is equal to 0.43 mS'cm
It is worth noting that ionic conductivity is deaseng very slowly with concentration. 0.1 M
LisBTI-PC solution at 20 °C reach value of 0.31 mS*c@onductivity of 0.1 mS cth
at room temperature is obtained at concentratidavasis 0.01 M.

LisBTI conductivity in EC:DMC (1:1 weight ratio) batiemixture-type solutions is
shown on Figure 6. Simple conductivity dependenteancentration can be observed.
Maximum solubility in this solvent mixture is tharse as in case of PC solutions (0.75 M).
Conductivity of solutions in this solvent mixture wisibly higher than for PC-based
electrolytes. lonic conductivity at 20 °C is highdsr the 0.75 M LiBTI-EC:DMC
electrolyte and is equal to 0.85 mStm

Lithium cation transference number measurement Iteesdor LisBTI-PC
and LgBTI-EC:DMC electrolytes in full range of concentoats are shown on Figure 7.
As predicted at the concept phase, the Values are extraordinarily high. In case of 0.75M
LigBTI in EC:DMC solution it is as high as 0.73. Alther EC.DMC solutions of this
multivalent salt, T values exceed 0.65.

In case of LiBTI-PC solutions lithium cation transference numiparameter has
maximum at 0.25 M concentration, at which it equalg2. Towards higher concentration,
T+ decrease slowly to reach 0.67 at 0.75M conceatrafAs for solutions more dilute than
0.25 M concentration, highf value is maintained down to 0.05 M3BITI-PC, at which it
reach value of 0.63. At lowest investigated conegians T;. value drop to 0.47 in case
of 0.01 M LgBTI-PC solution. It is worth stressing that 0.25d@ihcentration lithium cation
transference number maximum is overlapping withsually high conductivity activation
energy. In case of this solution ionic conductiatyhigh temperatures (over 40 °C) is higher
than for 0.5 M solution. That indicates change r@dominant conducting species (associate)
at this concentration. Nevertheless, it is quitedbeial for the electrolyte parameters.

Molar conductivity of LgBTI in PC and lithium cation transference numbeg ar
plotted against square root of concentration oruf@d8. Molar conductivity is decreasing
with the concentration growth. Minor deviation frahre trend is visible in both plots at 0.1
mol dm?®. Presence of such deviation could suggest formaifache new ionic agglomerate
in the investigated concentration range. More S$icgmt trend changes are visible
in the molar conductivity plots of LITDI in PC (LDl is the most similar

imidazole-derivative salt to §BTI, data not shown here, reported by us elsewHére)
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Fig. 9. Discharge capacity of Li|0.25 M LjBTI in PC (e) (or EC:DMC (0))|Si-C at 1 C rate
charge-discharge cycling in 0.05-1.40 V vs Li/Lirange.
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However, all plot changes in BTl case may be less apparent due to the biggebeum
of ions (stoichiometrically) and more possible camations of them in the solution.
Existence of such fluctuation (like the one obserae 0.1 mol dii) may imply a quality
change in ionic association in the solution at toscentration. Positive deviation in case
of molar conductivity at such high concentrationynsggest formation of new charged
associate(s). Local decrease of cation transferemgmber could mean formation
of negative-charged associate or addition of lithication to agglomerate in which lithium is
already present. Due to the much higher conceotrati free lithium cations than BTI anions
in the solution (3:1 ratio and high negative chanfi¢he solitary anion), the latter is much
more likely. One can only assume that due to opedaaminor local decrease of lithium
cation transference number and local positive diewiaof molar conductivity, such
agglomerate is forming through a lithium cationiidd to neutral associate likeJ8TI, e.g.
Li,BTI™.

Figure 9 depicts results of galvanostatic cyclirfghalf-cells containing BT
solutions as electrolytes against Si/C electro@ibss is the final proof of concept of both salt
stability and applicability in lithium-ion cellsnicase of LYBTI-PC electrolyte reversible

discharge capacity is as high as 612 mAh lgowever, electrode gradual capacity fading
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(~23%) over time is noticed. Such capacity decreasebe attributed to electrode electrolyte
interactions. Propylene carbonate is known to éat®l graphite layers, which effects
in electrode degradatidii?® To prove that this is the case angHIil is stable when cycled,
additional cycling with EC:DMC solution has beemdacted. This time the initial discharge
capacity was lower (379 mAh™y but almost no electrode degradation has beeargés.
Over 50 cycles discharge capacity changed by ofty Without use of any stabilizing
additives.

Figure 10 shows preliminary results of additionalvgnostatic cycling of half-cells
containing L§BTI solutions as electrolytes against LiGo@lectrodes. Degradation (40%
over 20 cycles) of electrode during cycling with :B®IC solution is visible. No such
negative effect is observed during cycling with &fution (only 3% capacity decrease over
20 cycles). Although purely preliminary, such résyrove salt stability against both low

and high potentials in the cell.

4. Conclusions

Novel multivalent lithium salt has been proposedd asynthesized especially
for lithium-ion cells. Synthesis route was chosersuch a way to be easy, three-step and use
inexpensive substrates. Trilithium 2,2’,2"-tris{imoromethyl)benzotris(imidazolate) -
LisBTI — has been designed to reach exceptionally hilglum cation transference number,
without sacrificing salt stability. In fact, ;I values of LiBTI (higher than 0.7 in both tested
solvents) are considerably higher than those ofahgr lithium-ion cell applicable lithium
salt. However, the electrochemical (up to 4.2 VLi)sor thermal (160 °C) stability is not
compromised. lonic conductivity is reaching 1 mS™cmrder of magnitude at room
temperature. Cycling in half-cells proved that sah be safely used in lithium-ion cell
electrolyte and form stable solid-electrolyte ifdee. Thus, we have obtained the proof

of concept for multivalent anion with uniform chardistribution.
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