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ABSTRACT

Electrolytes with high lithium transference number linked with high ionic conductivity are
urgently needed for high power battery operation. In this work, we present newly synthesized,
large and highly acidic lithium tetra(trifluoromethanesulfonyl)propene used as a salt in glyme-
based salt-in-solvent electrolyte. We employ impedance spectroscopy in symmetric
Li/electrolyte /Li cells and pulsed field gradient nuclear magnetic resonance spectroscopy to
investigate the lithium conduction mechanism. We find predominant lithium conductivity with
very high lithium transference numbers (~70% from the polarization experiments) and three
times higher ionic conductivity compared to well-known lithium triflate in diglyme electrolyte.
This is a consequence of the reduced mobilities of large anions linked with improved ionic

dissociation.
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Lithium salts are a key component of lithium batteries providing the ionic species, needed for
charging/discharging processes. Their properties are decisive for the ionic conductivity, lithium
transference number, solid electrolyte interphase (SEI) formation, electrochemical window, and
thermal stability of the practically used non-aqueous electrolytes.!* One of the most common
negative aspects of the standard non-aqueous liquid electrolytes linked with the salts such as
lithium hexafluoroarsenate (LiAsFs), lithium tetrafluoroborate (LiBF4), lithium perchlorate
(LiClOg), lithium trifluoromethanesulfonate (LiCF3SOs, LiOTf), and the presently prevailing lithium
hexafluorophosphate (LiPFs), is their relatively low lithium transference number, which leads to
concentration polarization, detrimental for high power battery operation. Anions such as BFa,
ClO4, CF3S037, and PFs have smaller solvation shells consisting of one to two solvent molecules
when compared to the distinctly smaller Li* ion, binding four to six solvent molecules. As a
consequence, anions are fairly mobile in typical solvents at salt concentrations, csai, around 1 M.3
Additionally, the often high degree of ionic association in such electrolytes, enabled through

superimposition of coulombic and short range interactions with formation of effectively neutral

species, plays a critical role in lowering the values of total ionic conductivity, oac.



Recently, efforts have been made to unravel the complex molecular structures of the
conventional carbonate lithium electrolytes.*® Advancement has also been achieved in the
prediction® 19 or preparation of diverse electrolytes with larger and more charge delocalized
anions potentially suppressing ionic association. Suggested molecules include
bis(trifluoromethane)sulfonimide ([(CF3SO2);N]~, TFSI),}! bis(pentafluoroethylsulfonyl)imide
([(SO2F)2N]-, FSI),1? bis(oxalato)borate ([(C204)2B], BOB),' (malonatooxalato)borate ([(OCH3)4B]
, MOB),** 4,5-dicyano-2-(trifluoromethyl)imidazole ([CeF3Nal, TDI),1>16
fluoromalonatoborate!”8, anilinyl-perfluorosulfonamide?®, and fluorinated alkoxyaluminates 2°.
Unfortunately, even when the total ionic conductivities of the above-mentioned electrolytes are
satisfactory, polarization in a Li/electrolyte/Li cell and/or pulsed field gradient nuclear magnetic

resonance (PFG NMR) experiments reveal a predominant anionic conductivity mechanism.

1,1,3,3 Tetra(trifluoromethanesulfonyl)propene (TTP) is a newly synthesized, highly acidic C—H
acid. After deprotonation, the generated negative charge can be delocalized via four strongly
electron withdrawing CF3SO; (=trifluoromethanesulfonyl=triflyl=Tf) groups.?! The high anionic
stability, achieved via mesomeric and inductive properties of the four triflyl groups, minimizes its
Lewis basicity and increases the Brgnsted acidity of the free acid. Besides the observed high
catalytic activitiy, a pKa value of -15.4 (in 1, 2-dichloroethane), 2°Si NMRS shift experiments, and

theoretical calculations confirmed its proposed high acidity.?!

In this letter, we report for the first time the synthesis and electrochemical properties of ‘salt-in-
solvent’ electrolytes containing the lithiated version of tetratriflylpropene (LiTTP, Mw = 576 g

mol?, Figure 1).
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Figure 1. Comparison of LiOTf and LiTTP molecular structures. Bullet points indicate the potential
beneficial properties of LiTTP in ‘salt-in-solvent’ electrolytes.

LITTP can be directly prepared from TTP after treatment with Li.COs3 (see supplementary
information). We compare LITTP with the well-studied LiOTf as model salt. Diglyme was chosen
as a low dielectric permittivity solvent to study the influence of the anion size and electron-
withdrawing effects on the salt dissociation.?>?* Despite the bigger anion size of LiTTP, salt

solubility was not a limitation, and we could prepare electrolytes with up to 0.45 M LiTTP.

H, 7Li, and °F tracer diffusion experiments provide a non-destructive access to the average
diffusion coefficients of all molecular species containing the probed nuclei.?>?” As expected, the
diffusion of the solvent, characterized by Dy, nmr is faster than that of the Li or F-species, as the
electrolytes under study are relatively dilute and not all of the diglyme molecules are involved in
solvation processes. The averaged diffusion of Li, and F, containing species (characterized by Dy;,
nMR and Danion, nvr) is slower in LiITTP/diglyme compared to the LiOTf/diglyme, a consequence of
the increased viscosity (Figure 2a). The higher viscosity of LiTTP/diglyme compared to the

LiTF/diglyme is an indication of stronger ion/solvent interaction in LiTTP/diglyme. Peculiarly, a



difference in the conduction mechanisms in diglyme electrolytes with two different salts lies in
the considerably faster diffusion of Li-species compared to F-species (Dinmvr > Danion, NMR) iN
LiTTP/diglyme at all csai, a strong indication of enhanced lithium conductivity. Note that Danion,
nvrcould not be measured directly from *°F tracer diffusion since the fluorine spin-spin relaxation
time was found to be too short (more information available in Sl). Since TTP is the only F-

containing species, Danionnvr Was determined by measuring the diffusion of the TTP proton

instead.

The room temperature ionic conductivities of LiTTP/diglyme are approximately three times
higher than that of LiOTf/diglyme at all salt concentrations, reaching the values of ogac =
3.3 mS cmt for csaie = 0.45 M, which is another indication of improved dissociation of the lithium
salt in LiTTP/diglyme (Figure 2b). Such conductivities are slightly higher than in typical ‘salt-in-

solvent’ electrolytes at comparable csai.?
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Figure 2. Lithium salt concentration dependent: (a) diffusion coefficients of species measured by
PFG NMR, (b) ionic conductivities, oac, in diglyme electrolytes measured by impedance
spectroscopy. LiTTP/diglyme electrolytes are marked with filled symbols, LiOTf/diglyme
electrolytes with open symbols. Gray symbols in (b) correspond to the ionic conductivities of
LiOTf/diglyme previously reported in Ref. 30. The measurements were performed at room
temperature.

Salting-out phenomenon occurs only at highest salt concentration 0.45 M, after a shelf time of
several days, resulting in a crystalline 1:1 salt to diglyme mixture. This mixture has been isolated
from the excess solvent and was used to measure Dii, NMR = 2 X Danion, NMR = 9.8 x 1012 m2 s-

1 and Dy, NMR = 7.2 x 1012 at 100 °C.

LiTTP/diglyme electrolytes can be polarized using low frequency impedance spectroscopy in a
symmetric anion-blocking lithium cell.?82° Subsequently, the lithium transference number can be
calculated independently of the solid electrolyte interphase (SEI) formation by taking into

account the electrolyte resistance, Ry, and the low frequency arc with diameter Zg, via

ty = — Eq. 2

as depicted in Figure 3a. Low frequency impedance spectroscopy (ac) method is equivalent to
the dc method proposed by Bruce and Evans, and could be converted to it by Fourier
transformation. However, low frequency impedance spectroscopy allows for direct
determination of the SEI contribution, while the SEl remains hidden in the current vs. time curve
in the Bruce-Evans method, frequently not allowing for precise steady state determination.
Obtained lithium transference numbers reach the highest value for LiTTP at csait = 0.32 M, t =
0.7, accompanied by high ionic conductivity, oac= 2.3 mS cm™. The lithium transference number

is slightly lower for 0.45 M LiTTP/diglyme, tii = 0.6. Precise determination of t; at lower salt



concentrations, csat < 0.3 M, proved to be difficult, as the second semicircle becomes small and
flattens out (Fig. S2). In addition to these measurement issues, the polarization needs to be
performed as soon as the cell is assembled since LiTTP/diglyme electrolytes are not stable with
the Li electrodes and quickly develop a highly resistive SEI (Fig. 3b and inset). The SEI instability
of LiTTP/diglyme compared to other lithium glyme electrolytes is most probably a consequence
of the changes in chemical composition of the SEI due to decomposition of the TTP anion,

resulting in additional electronic conductivity or higher dimensional defects in the SEI.
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Figure 3. (a) Impedance spectroscopy of LiTTP/diglyme electrolytes in an anion blocking
Li/electrolyte/Li cell: Determination of the lithium transference number by the low frequency
method for 0.32 M (orange) and 0.45 M (black) LiTTP. The corresponding equivalent circuit is
shown in the inset; b) solid electrolyte interphase (SEI) growth in 0.32 M LiTTP during the low
frequency ac-measurement. The inset shows highly resistive SEI forming overnight. The
measurements were performed at room temperature.

Lithium conductivity originating from solvated free lithium ions, o., can be linked to the diffusion

coefficient through the Nernst-Einstein equation:
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where z is the ionic charge, F is the Faraday constant, R is the gas constant, T is the temperature,
¢+ is the molar concentration of the free lithium ions, and D. is the diffusion coefficient of the free
lithium ions. In the present case, the direct determination of 0. is unmanageable for two reasons:
i) we do not have the access to the LiTTP/diglyme molecular structure and accordingly c: as its
determination by infrared or Raman spectroscopy is challenging and no detailed spectroscopic
studies of pure crystalline LiTTP are available, ii) D+ # Diinmg, when ion association occurs. At this
point, we assume the existence of free ions and ion pairs only, while the exceptionally bulky
dimers and higher order aggregates are neglected. The rationale behind such approximation lies
in the fact that previous reports show insignificant conductivity contribution of even smaller
dimers in LiOTf/diglyme and the molecular structure of TTP sterically does not allow for

dimers.3031

The concentration dependent transport coefficient of cations, o+, anions, o., and ion pairs, s, are
accessible as solutions of a set of equations involving the total ionic conductivity, oac, and the
conductivities of Li and F-species calculated from the Nernst-Einstein equation for corresponding

Dy and Dy, and total salt concentration csa, 0= and o, as previously shown in Ref. 32:
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Bruce and Vincent were the first to give a detailed account on the origin of the contributions of
free ions and ion pairs and their role in the polarization experiment.3* The problem is isomorphic
to the treatment of ions and electrons in solids where ion-electron association occurs, see Ref.

35.

The corresponding csai-dependent true lithium transference number, which takes into account

lithium transport only via solvated free ions, can then be defined as t, = :—+, while the effective
AC

lithium transference number that also takes into account counter transport of ion pairs and

anions, Ref. 32 as:

g-S

+O' +s
= — g=¥s Eq. 7

OAC 0AC

Opol

tpol,+ =

It is important to note that the value of t,,; ;. is more relevant for battery application since in a
real cell we usually deal with partially blocking electrodes. In this way, even at ¢csair < 0.3 M, where

low frequency impedance spectroscopy fails, we can calculate all relevant transport coefficients.

In LiTTP/diglyme electrolyte, we observe for the first time in a liquid ‘salt-in-solvent’ electrolyte,
that a situation in which s > g > o_for all accessible csartis indeed realized (Figure 4a). The true
lithium transference number is calculated to be t, > 0.55, with negligible c.ix dependence.
Contrary to LiOTf/diglyme, where t,,; . is only slightly above 0.5 at very low csait (Figure S3 and
Ref. 31), calculated t;,,; 4 in LITTP/diglyme are always above 0.8, reaching unprecedentedly high
values around 0.9 for csait < 0.2 M (Figure 4b). Slight differences between the values calculated
from Eqg. 3-6 and the ones extracted from the low frequency impedance spectroscopy are either

a consequence of imprecise determination of R, and Zy4 from the impedance spectra or due to



the existence of a small amount of negatively charged higher order aggregates steering lithium
in the undesirable direction.3®3” The observed drop of s at higher csar, and accordingly t, and
tpo1,+, IS Most probably caused by the rise in viscosity, which is in accordance with the Stokes -
Einstein relationship, D oc 1/7. Indeed, the values of diffusion coefficients also rapidly drop in the

same concentration range, see Figure 2a.
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Figure 4. Calculated LiTTP salt concentration dependent: (a) transport coefficients of cations, o,
anions, a., ion pairs, s, and indirect transport of lithium, gpo, (b) effective lithium transference
numbers that take into account lithium transport through ion pairs and solvated free lithium,
tool+, Or only the transport by solvated lithium ions, t.. The triangles in (b) correspond to the
lithium transference numbers measured by a polarization experiment, t.

In conclusion, a ‘salt-in-solvent’ electrolyte containing the newly synthesized LiTTP salt displaying
very high values of lithium transference numbers is reported. Polarization experiments yield
transference numbers around 70% while ac impedance spectroscopy and PFG-NMR point

towards even higher values and more complex ion-conduction mechanism.

The beneficial ionic conductivity of LiTTP/diglyme as compared with the LiOTf/diglyme

electrolyte is a consequence of the interplay between reduced mobilities of large solvated anions

10



and lithium transport through smaller amount of ion pairs. Future studies will be directed

towards the stabilization of the Li metal/electrolyte interfaces.
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