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Abstract

Electrolyte optimization for both best performanaed low use of materials is
described in this paper. Electrochemical perforrramnd material utility are reported
to achieve the goal of optimal combinations of saticentration and solvent ratios for several
solvent mixtures. A lithium 4,5-dicyano-2-trifluarethanoimidazolide (LiTDI) salt was used
for its thermal stability, ease of handling (stainlehe presence of air and moisture) and high
ionic conductivity at low concentration in solventSolvent mixtures were chosen based
on industrial practice and performance at low terappgee. The conductivity dependence
of salt concentration is reported. In all systetogy concentration onset and a broad range
of high conductivity was observed. Lithium catiorartsference numbers were measured
for highly conductive samples and used as the skggnparameter in the optimization
procedure. Both high ionic conductivity and tramefeee number values were recorded, even
for samples with low salt content: 0.3 morkgiTDI in 1EC:2EMC ¢ = 4.18 mS cil, Ty
= 0.544) and 0.4 mol kyLiTDI in EC:DMC:EMC (c = 4.69 mS cnf, T.» = 0.455). Cycling
with anodic material was also carried out, showgongd capacity for retention of the mixtures
chosen containing average salt concentrations. éJenaterial savings in comparison to other

commercially available lithium salts is possible.
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1. Introduction

In the last 20 years, lithium-ion (Li-ion) cells\eagradually taken over the battery
market. More and more devices are using this typenergy storage: electric vehicles,
personal electronic devices, and medical and mjliegoplications, to mention only a few.
Future development of Li-ion cells depends on thiéity to use modern electrode materials
without compromising stability or a long life of eh cell. This ability comes
from compatibility between electrode materials arie electrolyte between them.
Unfortunately, the existing electrolytes dominatinige market are based on lithium
hexafluorophosphate (LiBF which has many disadvantages. Among them is lack
of compatibility with newly developed electrode eréls due to traces of hydrogen fluoride.
Other main disadvantages of LiP&re thermal stability only up to 70°C and instiépivhen
moisture is present, even at trace levels on tderaf ppm [1-3]. To overcome these issues,
numerous functional additives have been proposed,ekample to increase PFanion
stability, absorb impurities, and neutralize theimgen fluoride that forms in LiRolutions.
Adding additives to the electrolyte makes it moxpeansive. This approach to solving these
problems also unnecessarily complicates the elgt#rocomposition due to increased
potential for safety hazards and incompatibilityhnelectrodes.

An alternative approach includes using new lithisalts. LiITFSI and LIBETI, known
for some time already, are corrosive towards alumincurrent collectors [4]. Another
candidate, LiFSI, is corrosive towards some battemyponents [5,6]. Other salts have been
proposed by our group in recent years as well [N®ably, LiTDI salt has been the most
successful so far. LiTDI is thermally stable up2®80°C — higher than any solvent boiling
point or the stability of LiP§ LiTDI is also electrochemically stable up to ¥.&s. (Li/Li*) —
far more than is needed for commercially availaddlectroactive materials. It is also fully
stable in the presence of moisture. A smaller arhotifluorine in the anion in comparison
to LiPFs is an additional, environmentally friendly advaggaThe higher transference number
of LITDI is an advantage over the market-dominatsajt, and is especially beneficial
for high-energy applications, such as electric elelsi or grid energy storage. While LiTDI-
based solutions lack as high an ionic conductiaty LiPk ones, the former excel
at transference number [9]. Thanks to the highidith cation conductivity value
(the transference number multiplied by ionic cortlity) of LiTDI electrolytes, the rate

of ion transfer should not be compromised and shdnd similar to that of LiPF Such



a claim has been experimentally confirmed receoyiyan independent team [10]. Thus, it is
important to test this new weakly coordinating qafion) application in lithium-ion cell
electrolytes. More information on LiTDI propertieand basic parameters is available
elsewhere [11,12].

Solvents chosen for the electrolyte compositionrardess important than other cell
components. Depending on the choice of solventstl@datio of their resulting viscosity,
the dielectric constant and solvation of ions alvdna large impact on electrolyte performance
parameters. Also, as much as the salt choice,oit€entration is important. An optimal
concentration in concert with properly chosen soisecan mean great results in terms
of conductivity, lithium cation transference numlaexd material savings. Such a concept has
been proven by experiments of Ding and coworketsénearly 2000s [13-15]. They showed
that every salt and every solvent ratio has a miffe optimal concentration for maximum
ionic conductivity. Our group previously showed ttisamilar maxima exist for transference
number [9]. We also explained this phenomenon basedstudies of adequate ionic
associations.

Mixtures that are an outcome of such optimizatimnimportant from the application
point of view. Industry awaits components that ezady to replace current electrolytes.
To meet such expectations, we investigated elgtéralompositions based on the new salt
LiTDI as well as popular solvents. The solvents seho are well-known and industrially
proven. Ethylene carbonate (EC) is currently thestpopular solvent; it is strongly polar and
stable under the conditions inside lithium cells.id the basis for the vast majority
of commercial electrolytes. It cannot be used aldheugh, as its melting point is as high
as 38°C. Complementary solvents chosen for opttmizaare also common components
of Li-ion cell electrolyte solutions: ethyl methgdrbonate (EMC), dimethyl carbonate (DMC)
and diethyl carbonate (DEC) [16].

The most important parameter studied herein is haghic conductivity together
with lithium cation transference number, considet@gkther as lithium cation conductivity.
The investigation of solvent mixture choice vshiliim cation conductivity and half-cell
cycling behavior, with a particular focus on makrisavings, was the main subject of this
study. For easier comparison of the new compostiwith the state of the art, we include

some basic measurements on a kiB&sed commercial electrolyte.



2. Experimental

The chosen solvent ratios in mixtures were baseglmse diagrams [17,18] and
previous work [19]. The following mixtures were eloyed as a result: EC.EMC (1:2),
EC:DEC:EMC (1:1:1), EC.DMC:EMC (1:1:1) and EC:DEQAZ:EMC (1:1:1:2). EMC was
employed due to its advantageous properties atdawperatures.

Samples were prepared in an argon-filled glovebdk {ess than 1 ppm of moisture
content. Electrolytes with the full range of LiTBdncentration (0.1 mol Kgto 1.0 mol kg)
were made. Salt’s concentration range was detethbgdimiting to the most interesting area
from the application point of view (elevated coniility level range), as well as for the sake
of plots consistency, as the salt solubility disfeetween solvent mixtures.

lonic conductivity was measured using electrochamienpedance spectroscopy
in the -20 to +40°C temperature range. Electrobgieples were put into a micro conductivity
cells with cell constant values of 0.3-0.7 toalibrated with a precision of 0.3%. Cells were
subsequently placed in a Haake K75 cryostat-thaahaystem with a DC50 temperature
controller. All impedance measurements were caroetdon a computer-interfaced VMP3
multichannel potentiostat (Bio-Logic Science Instents) with the frequency response
analyzer option. Electrochemical impedance spectmgwas performed within the 500 kHz
to 1 Hz frequency range with 10 points per decadeé & mV A.C. signal amplitude.
Measurements were repeated at least three timesadbr concentration for more consistency.
Samples for conductivity measurements were prepareth argon-filled glovebox with less
than 1 ppm of moisture content.

Lithium cation transference numbets)(were calculated using the D.C. polarization
method combined with the A.C. impedance methodduced by Bruce and Vincent [20].
Details of the method have been described elsewWhgfe

Thet, determination for each measured composition wa®meed on three samples
for more consistent data. Samples were handleahiargon-filled glovebox with less than
1 ppm of moisture content, then sealed and measured

Charge-discharge cycling used a Li | electrolgiidon-carbon composite (Si/C) half-
cell system with a silicon-carbon nanostructuredhjgosite thin-film anode obtained through
use of microwave plasma assisted chemical vapor osiiggn (MPCVD).
Triethoxy(phenyl)silane was used as precursor. iBetaf the MPCVD method
for nanostructured composite electrode manufaguaire described elsewhere [21]. Cycling

voltage was set at the 0.05-1.4 V (half-cell contey Si-C) range. The current was chosen



every time in such a way that both discharge aratgehwould take one hour (1 C current).
An Astrol Electronic Bat-Small battery cycler wased for cycling experiments.

To simplify notation, a solvent mixture containie§¢ and EMC in a 1:2 weight ratio
will be written as EC:2EMC. Similarly, a mixturergisting of EC, DEC and EMC in a 1:1:1
weight ratio will be written as EC:DEC:EMC, that BC, DMC and EMC in a 1:1:1 weight
ratio as EC:DMC:EMC and that of EC, DEC, DMC and ENh a 1:1:1:2 weight ratio
as EC:DEC:DMC:2EMC.

3. Results and discussion

The aim of the investigation was to find the golderean between low salt
concentration (material savings) and good electousbal parameters. In order to narrow
the number of concentrations considered, the Btsp of this search was to determine
the ionic conductivity dependence on LiTDI concatitn. The dependence of ionic
conductivity on salt concentration as well as terapge for all solvent mixtures is shown
in Figure 1. As shown, depending on solvent mixtutiee concentration dependence
of the conductivity varies considerably. The difflece between the lowest and the highest
conductivity at room temperature (20°C) across mceatration of 0.1-1.0 mol Kgwas
smallest for EC:2EMC (2.15 and 4.87 mS trat 0.1 and 0.7 mol Kg respectively).

A similar difference in conductivity was observed the case of EC:DMC:EMC (2.44
and 5.47 mS crhat 0.1 and 0.7 mol Kg respectively).

Conductivity plots of these two mixtures also vdrieelatively. The first mixture
(EC:2EMC, Fig. 1a) at 0.3 mol Kghad a conductivity value plateau extending unfil thol
kg, with only one mildly differentiable point at Oridol kg* (a flat maximum). Conductivity
of electrolytes based on the other mixture (EC:DEIGC, Fig. 1c) increased monotonously
from 0.1 to 0.7 mol K§ to a maximum and then decreased towards 1.0 nidl Agove
0.4 mol kg', the conductivity both increased and decreasethtsli (to 0.9 mol k). Very
different plots were observed for two other solventixtures. The first plot
(for EC:.DEC:EMC, Fig. 1b) contains a distinct maxim (with a very steep slope)
at 0.8 mol ki. An initial increase of conductivity with conceation until 0.3 mol kg
stopped at 0.4 mol Kg with a drop of conductivity. Subsequent valueststl from a very
high value (at 0.5 mol kB and fluctuated until 0.9 mol Kgwith an abrupt increase visible
only at 0.8 mol k. The second plot, for the last solvent mixture (EEC:DMC:2EMC,

Fig. 1d), also showed a conductivity increase wihcentration to a maximum
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Fig. 1. Dependence of ionic conductivity on LiTDI ancentration in the -20 to 40°C temperature
range, for the 0.1-1.0 mol kg salt concentration range in a following solvent mxtures: a.
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Fig. 1 ad.. Dependence of ionic conductivity on LiDI concentration in the -20 to 40°C
temperature range, for the 0.1-1.0 mol kg salt concentration range in a following solvent
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(0.9 mol kg'), with steep slopes both below and above thatemmnation. A notable point is
the flat local maximum at 0.5 mol Rg

The second pair of plots (Figs. 1b and 1d) alsabs#tdu large differences between
the lowest and the highest conductivity at roomgderature. In the case of EC:DEC:EMC,
these were 1.84 mS é&mfor 0.1 mol kg and 5.86 mS cth for 0.8 mol kg
The EC:DEC:DMC:2EMC-based electrolyte exhibited21rBS cnit conductivity at 0.1 mol
kg! (minimum) and 4.77 mS cmat 0.9 mol kg (maximum). These characteristic
concentrations on the conductivity plots, such asxima and low concentrations
with relatively high conductivity, were chosen fdithium cation transference number
measurements.

A conductivity plot with a varied shape, as obsdrie DEC-based mixtures, is rare,
though not unique. Apart from other DEC-based LiTddlutions [9], it is found in other
mixtures [22]. The fact that these solutions arer{foor five-component mixtures (LiTDI
and at least three solvents), with every compomhening different properties, can explain
such unusual conductivity behavior. In contrast, ©lksed mixtures have a more standard
conductivity plot shape, probably due to the rgklti similar properties of DMC and EMC.
Also, LiTDI is known for forming a variety of assate and solvate configurations depending
on the absolute and relative concentration of sub/§9,23]. As the concentration increases,
the electrolyte contains more and more ionic as$esj both in terms of amount
and diversity. This might also explain the incregsiariety of conductivity plot shapes.

The ratio between the minimum ionic conductivityluea (at 0.1 mol kg LiTDI)
and the maximum is equal to 0.44 in the case of2EMIC and EC:DMC:EMC solvent
mixtures. For the other two mixtures incorporatinEC (EC:DEC:EMC
and EC:DEC:DMC:2EMC), this ratio is equal to 0.8&;, the conductivity peaks are sharper
in this case. This might be an effect of highercogty of DEC than DMC and EMC.
The dielectric constant of DEC is also the lowdghe solvents used.

Of the four solvent mixtures, the absolute valueth@f maximum conductivity was
the lowest for EC:DEC:DMC:2EMC, probably due toh&ving the lowest EC content (0.226
molar fraction in pure solvent mixture). On theathand, the EC:DEC:EMC-based mixture
was the most conductive electrolyte. That solventture had the highest molar fraction
of EC in pure solvent mixture, 0.386. The other sebvent mixtures contained EC as a 0.354
(EC:DMC:EMC) and 0.371 (EC:2EMC) molar fraction. Vdkeady established EC content
and solvation as the most important parametersgfmwd electrolyte conductivity [9].
As the dielectric constant of EC exceeds that o€EDEMC and EMC, it would be the first
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Fig. 2. Dependence of ionic conductivity on ethylencarbonate to lithium cation molar ratio at

20°C for different solvent mixtures.

choice to solvate lithium cations. Initially, coradivity would increase due to the increase
in concentration, and such an effect would overcohgeviscosity increase. After reaching
a maximum, the conductivity would drop when thereuld no longer be enough EC
in the system to fill a solvation layer of lithiuoation. The present findings are proof of this
concept.

To investigate this concept further, we plotted ¢baductivity of all solvent mixtures
at one chosen temperature (20°C) on a single figowé instead of concentration, using
the molar ratio between EC and lithium cationstesihdependent variable. The results are
shown in Figure 2. Maximum for three solvent miesiwith high EC content are at 5-6 EC
molecules per lithium cation. That corresponds @ previous calculations for EC:DEC,
EC:DMC and EC:DEC:DMC mixtures, where the maximuatwred at a ratio close to 3.
That value should be adjusted by taking into theoant the number of EC molecules not
taking part in lithium cation solvation — ca. 50%r fthe 0.6—0.8 mol Kk concentration
range. Thus, the total EC to lithium cation ratiotlee conductivity maximum should fall
around 6, as is the case. The only solutions tbahat fit this concept are those based
on EC:DEC:DMC:2EMC, for which the maximum condudvs around 2.5 EC molecules

per lithium cation. However, a small local maximisralso visible for the 4-5 EC molecules



per lithium cation range, which confirms that tlomcept serves its role here as well, although
to a lesser extent. An absolute maximum at suadwaHC to Li ratio (2.5) can be explained
by the high concentration of weakly polar solvemsthe system. As they are competing
for access to lithium cations with EC, their vagtess in the system might shift the ratio
at which EC loses its strong binding to the lithigation. Notably, DEC has already been
proven a successful competitor against EC in aesphayer [9]. As a result, EC solvating
molecules have a lower effect on the lithium catidwe to their lower ability to fill
the solvation layer to a large extent. Thus, cotiditlg drops faster on the EC-to-Li ratio
scale. On all plots, less the EC:DEC:DMC:2EMC, ¢hare drastic conductivity changes
visible around 8 EC-to-Li ratio. Presence of suctoaductivity change is the confirmation
of the solvation explanation described before, las tatio represents 4 EC molecules
in the solvation layer around lithium cation. Adodiital peaks around 12 EC-to-Li ratio
in EC:2EMC and EC:DEC:EMC and their lack in the estimixtures might suggest better
shielding from the anion when EMC or DEC are prés@nthe higher concentration
in the solvation layer - not necessarily in thestfitayer. However, when EC is present
in the bulk of the electrolyte in the relativelygher concentration (solvation layer is saturated
with EC, EC-to-Li ratio over 8), conductivity plottart to be parallel and depend on linear
carbonate properties. EMC the middle value of baghosity and dielectric constant, making
it a golden mean between DEC (the lowest dielecwitstant of three) and DMC (the lowest
viscosity of three). These conclusions might betulin the future designing of electrolyte
compositions involving weakly coordinating aniosach as TDI. The anion itself and its low
affinity to lithium cation are the main reason thavation layer is shielding cation enough
and the presence of linear carbonates in it is sugficient to dissociate the salt and keep it
dissociated even when only 1-2 EC molecules arseptein the solvation layer around
the cation.

Lithium cation transference numberd;s) were measured for the chosen
concentrations and solvent mixtures. Subsequeiidylithium cation conductivitys{;.) was
calculated for each. The results are summarizedaible 1. For comparison, parameters
for LiPFs-based electrolytesi.¢., the state of the art) from the literature weredeat
As shown, LiTDI-based electrolytes exhibit similénium cation conductivity to those based
on LiPFK; due to the high lithium cation transference numirich is typically twice as high
as that of electrolytes containing LF his means that in terms of a usable parameter,
namely lithium cation conductivity, these electtely are fully comparable. Also, such a high

lithium cation transference numbers of LiTDI wilatively (to other salts) high
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mixture c/molkg o/mSecnt t, /- o / MS et

LiITDI-EC:2EMC 0.3 418 0.54+0.01 2.27
LiTDI-EC:2EMC 0.7 487 0.52+0.03 2.52
LiTDI-EC:DEC:EMC 0.3 3.21 0.64+0.05 2.06
LiTDI-EC:DEC:EMC 0.5 439 044+0.04 191
LiTDI-EC:DEC:EMC 0.8 5.86 0.50+0.03 2.94
LiTDI-EC:DMC:EMC 0.4 469 0.46+0.02 2.13
LiTDI-EC:DMC:EMC 0.7 547 0.43+0.03 2.37
LiTDI-EC:DEC:DMC:2EMC 0.5 3.68 0.62+0.02 2.27
LiTDI-EC:DEC:DMC:2EMC 0.9 477 0.51+0.03 2.42
LiPFs-EC:2EMC 0.9 8.0[24] 0.3+ 0.1 [25-28] 2.40
LiPFs-EC:DEC:DMC:2EMC 1.0 7.7[19] 0.3+ 0.1 [25-28] 2.30

Table 1. Optimized electrolyte compositions: LiTDlor LiPFg concentration, solvent mixture,

ionic conductivity, transference number and lithium cation conductivity.

conductivities are confirming low affinity and wea&ordination of the TDI anion to lithium
cation.

The main goal of the investigation was not only fiod suitable electrolyte
compositions that would compete with commercial spnleut also to aim for as high
of a material savings as possible. Thus, for furthreasurements, we chose only lower
concentrations if there were no huge differencesenms of lithium cation conductivity.
Unfortunately, as it is often the case, not evéegteolyte with a low concentration of lithium
salt gave a stable solid-electrolyte interfaceaAssult, not every lowest concentration of salt
in the electrolyte was examined further.

The final test of electrolytes was half-cell cydjror which the system Li | electrolyte
| Si/C was used. Si/C was used due to the growmgrast in silicon-based anodes
and the ensuing challenges. Also, it was made avithique but efficient in-house procedure.
The 1C rate was used for cycling, which was presune be challenging enough
for the electrolyte. Results of cycling experimeaitsthe chosen LiTDI-based electrolytes are
shown in Figure 3, together with results for a careial LiPFK electrolyte mixture (LiPF6-
EC:DMC, 1:1 weight ratio). Only 0.3 mol KgLiTDI in EC:DEC:EMC exhibits a markedly
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weaker cycling performance. This might be explaibgdthe low concentration of lithium
salt. However, the fact that such a low concerratif electrolyte can work steadily for over
20 cycles and at an electrode capacity almost @stitmgher than that of a LipbBased
concentrated electrolyte is a success in itself.

The rest of the LiTDI-based electrolytes performaach better than the commercially
available LIPF6 electrolyte. After 100 cycles, thaly exhibited at least twice the anodic
capacity as 1.0 mol KgLiPFs-EC:DMC (262 mAh §). In the case of 0.9 mol KgLiTDI-
EC:DEC:DMC:2EMC, it was exactly two times highe245mAh g') and at 0.7 mol K{
EC:2EMC, it was a little higher still (550 mAKYy A 0.7 mol kg* LiTDI-EC:DMC:EMC
electrolyte exhibited an anodic capacity as high783 mAh ¢, with a trend toward
an increase. The initial capacity for all LiTDI-leak electrolytes was in the range of 680
to 695 mAh &, with the exception of LiTDI-EC:DMC:EMC, which tneled toward that
value but started at a lower one (489 mAM).gThus, 0.7 mol kg LiTDI-EC:2EMC
and 0.9 mol kg LiTDI-EC:DEC:DMC:2EMC electrolytes respectively meined 75%
and 81% of the initial capacity after 100 cycles&tC cycling rate. Considering their much
higher absolute capacity, they are fully comparabla 1.0 mol kg LiPFs-EC:DMC mixture,
which has 89% capacity retention after 100 cyclesen the same cycling conditions.
In contrast to all other electrolytes, LITDI-EC.DNEMC exhibited a capacity increase
of the anode in the half-cell — there was a 50%acap gain throughout 100 cycles. This
might be an effect of the initial thick solid elesyte interface layer, which changes during
cycling or from a slow but steady penetration @& glectrode’s superficial pores. Regardless
of the reasons and the increase rather than decaasapacity, this electrolyte achieves
an anodic capacity of 737 mAR @fter 100 cycles. This is a much better resuln thos other
LiTDI-based electrolytes and is three times theac#p value observed for a Ligbased

electrolyte after 100 cycles.

4. Conclusions

LiTDI salt was used for electrolyte optimization popular battery solvent mixtures
such as EC:2EMC, EC:DEC:EMC, EC:DMC:EMC and EC:DBERC:2EMC. LIiTDI
solutions already reach a high conductivity (3 m8 @t 20°C) at low concentrations (0.2-0.3
mol kg', with the exception of EC:DEC:DMC:2EMC). At the numentration where
the conductivity increases greatly, the. is high — 2.27 mS cthfor 0.3 mol kg LiTDI

13



in EC:2EMC and 2.27 mS chnfor 0.5 mol kg LiTDI in EC:DEC:DMC:2EMC. More
importantly, these values are comparable to thestng state-of-the-art salt using the same
solvent mixtures (2.4 mS c¢hfor 0.9 mol kg LiPFs in EC:2EMC and 2.3 mS chn
for 1.0 mol kg* LiPFs in EC:DEC:DMC:2EMC). However, such values for tmelustry
standard are achievable only at high concentratiodistimes higher in the case
of the EC:2EMC mixture and 2 times higher in theecaf the EC:DEC:DMC:2EMC mixture.
Thus, there is a possibility of huge savings onemailt Finally, half-cell cycling with a new

generation of anode shows the superiority of Liiaked electrolytes over Lirbased ones.
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