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Abstract:

There urgent action required for replacing L§P&s a solute for Li-ion batteries
electrolytes. This salt, prone to highly-Lewis acidPF release and hydrolysis to HF is
responsible for deleterious reaction on carbonaleents, corrosion of electrode materials
leading to safety problems then release to toxengbals. The only advantage of this salt is its
protection of aluminium positive electrode curreallector. Most attempts to replace LiAkith
hydrolytically-stable salts have been unsuccedsfubuse of Al corrosion.

We present here two “Hickel” type salt, namelyilith (2-fluoroalkyl-4,5-dicyano-
imidazolate); fluoroalkyle = GF(TDI), CFs (PDI) with high charge delocalization. These
thermally stable salts give both appreciably cotigacsolutions in EC/DMC (> 6 m&n* at
20°C) with a lower decrease with temperature thiéa- Non fluorinated lithium (4,5-dicyano-
1,2,3-triazolate) is comparatively less than ha$f conductive. The Lithium transference number
T+ measured by PFG-NMR is also higher. Voltammetansowith either platinum or aluminium
electrodes show an oxidation wall at 4.&3&/Li":Li°. These two salts are thus the first examples
of strictly covalent, non-corroding salts allowirV electrode material operation. This is
demonstrated with experimental Li/LiiD, cells as beyond the third cycles, the fade of tiheet

electrolytes were quasi-identical, though LiPF6 hagharper initial decrease.
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Introduction:

The electrolyte is arguably the most critical comgat in batteries, as it should maintain
its functions in contact with both the reducing atdge electrode and oxidizing positive. This is
especially true for lithium batteries where a 4+vE@ltage span inevitably depends on the
metastability of the electrolyte versus at leasé @bectrode. Great hopes now rest on these
batteries, beyond their undeniable success in nignelctronic, with scale-up to a progressive
electrification of transportation modes to EVs, HE&nd plug-in HEVs. Most of the research
effort came after the first practical “Lithium-iorfLIB) technology in 1991, where Lis shuttled
between two intercalation compounds, now estaldishainly as graphite (-) and cobalt-based
layered oxides (+), manifestly the most extremdagss that can be operated “safely”, though
the list of incidents due to runaway reactions ees alarmingly longer with @ 1®atteries in
operation. The miracle(s) taking place within bégte 10-100 g is unlikely to scale-up for the
200 Kg of an EV. Mixture of carbonates, and L4RES solute are used in the quasi-totality of
LIBs because of their high conductivity, but théedmining factor is the absence of corrosion of
aluminium current collectors at high anodic voltage 4.5 Vvs. Li*:Li°), i.e. well beyond the
thermodynamic potential (1.3 V), and no other meth offer a substitute in terms of cost,
weight and malleability. The drawbacks of LiRdfe severe: i) the high conductivity is relatige a
the transport number is lof¥; ii) the tendency to dissociate into LiF andsR#th the latter
inducing cationic chemistry deleterious to elegtt®] iii) the facile hydrolysis to HF, inducing
corrosion of the cathode materials, for instance disolution in LiMnO.. The leached-out
species after diffusing to negative electrode mpottie SEI, raising its impedance, with resulting
overheating and dramatic safety issues; iv) conitnustleases copious amount of HF; v) less
spectacular than a fire, smouldering, i.e. thetreaat high temperature with ethylene carbonate
yields a derivative of fluoroethanol, a family ofoceedingly toxic (LD 50 = 0.5 mg/kg in mice)
chemicald?.

Of the possible substitutes for LigFone of the classical LiAgFLISbF;, LiCIO, are
close to meeting safety or innocuousness requirenidre “designer” anion [(GS0O,).N]

developed for polymer electrolytes (now also susitgss ionic liquid component) would be
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Figure 1. Scheme of Al passivation with labile codlination salts.
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Figure 2. The structure of “Huckel” anions: X = N, CCN, CCRe...

ideal, except its crippling lack of aluminium praten. Conversely, the coordination anion,
(bisoxalato)boron (BOB) ion, does passivate aluammibut oxidises with gas evolution (€O
specially above room temperature. Besides, the higidity/bulk of the molecule induces
unfavourable phase diagrams at low temperaturevé&aional wisdom suggests that the lability
of F and GO4* from PR resp. BOBis the reason for passive film formation (Fig. 1). A
promising substitute for LiRfts LI[FSO,NSO:F] (LiFSI) which does not corrode aluminium up
to at least 4V. The cleavage of the S—F bond, @hauore covalent than P—F) suggests that the
passivating layer on Al is Al a compound with high lattice energy, and used in
microelectronics to protect Si for F-plasma etchimgsimilarity, the oxalate anion whose chelate
“pincer” gap is more adapted to Al than B radii,ulbadsorb also (Fig 1).

The question thus is the existence of a truly cavaanion, not prone to hydrolysis and
irreversible HFyet able to form a passivating layer on Al°, oteatst preserve the native 8k
layer. Several years ago, we have introduced theept of “Hiickel anions® (Fig 2), i.e. the
delocalization of 6 #” electrons on an aromatic 5-membered ring. A vieaftcompounds with
ring nitrogen a and/or CN in the periphéfy’ have been modelled and show very weak

Li*-anion interactions, especially as the CN substituincreases. The simple representative,
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Figure 3. Synthesis scheme for LiTDI and LiPDI.

4,5-dicyano-1,2,3-triazole (DCTA) has favourablenduoctivities in PEO electrolyte¥!. To
further increase the resistance to oxidation arsdele the ion-pair formation, replacement of
central N by C-Ck or GFs to 4,5-dicyano-2-trifluoromethyl-imidazole and 4j&yano-2-
pentafuoroethyl-imidazole (TDI and PDI respectiyehas, also in PEO electrolytes, showed
excellent conductivities and favourable phase diagr No oxidation was seen before the
polyether own limit (4V)"®. We inferred that these salts deserved furtheestigation in
classical liquid electrolytes, as a covalent satificonsiderable technological advantage, without
the release of a strong Lewis acid like;RBle to wreak chemical havoc in the solvent araldav
the formation of fluoroethanol derivatives, a thraaacceptable for general application of EVs.
These salts will be compared with the non-fluolaltiDCTA and LiPF.

Experimental:

TDI and PDI are made in a one-pot reaction from memtial chemicals (Fig. 3}®. The
two white powders were dried at 150 °C for12 haara Blichi TO-50 oven prior to being used
and kept in a dry box. LIDCTA was made from thectea of diamino-maleonitrile withert-
butyl nitrite in diethyl ether at 0°C for 48 houfBhe turbid yellow suspension was centrifuged
and stripped from solvent. Crude 4,5 dicyano imid@zavas sublimed in vacuum (80 °C) to
obtain the pure acid. The Li salt was made in athdy reaction on 10% excess of,CiOs,
filtration and drying. LiPE 1M in EC/DMC (50/50 w/w) was obtained from Merdi2@d").

Coupled Thermogravimetric and DSC traces betweenaRI 300°C under a constant
flow of argon (50 mimin™*) were acquired with a Netzsch Jupiter STA 449Cntfa¢ analyser at a
heating/cooling rate of 10 °C mitnThe isothermal drift and sensitivity values aré § H* and

0:1 g, respectively. Aluminium crucibles were loddeith 25 mg of the salts and sealed in the



dry box. A small hole was punched in the lid jusbpto loading in the apparatus.

Conductivity measurements were performed using £ (Radiometer Analytical)
cell. All the electrochemical experiments were astdd at20 °C using a VMP3 system
(Biologic Science Instruments) with a 1 M lithiunaltsdissolved in EC/DMC (50/50 wi/w)
solvents mixture.

PFG-NMR diffusion measurements were carried ouf@nT Bruker Avance 400 NMR
spectrometer equipped with a Bruker 5 mm broadbamdbe with a z-axis gradient and a
temperature controller (stability and accuracy @2 NMR resonance frequencies are 400.1
MHz, 376.50 MHz and 155.51 MHz respectively fét, *°F and’Li nuclei. The self-diffusion
measurements were performed with the pulsed fieddignt stimulated echo and LED sequence
using 2 spoil gradients (PFG NMR). The magnitude of the pulsed field gradient waseda
between 0 and 40.@n”, the diffusion timeA between two pulses was fixed at 100 ms and the
gradient pulse duratiohiwas set between 3 ms and 10 ms depending onfthsiain coefficient
of mobile species. This allowed us to observe ttenaation of spin echo amplitude over a range
of at least 2 decades leading to a good accuraeyd<of the self-diffusion coefficient values.
They were determined from the classic relationgiid, = exp(-Dgy%%(A- 8/3)) where g is the
magnitude of the two gradient pulsess the gyromagnetic ratio of the nucleus undedyt@and
A and A, are respectively the area of the signal obtainigd ev without gradient pulses.

Cyclic voltammetry measurements were acquired atan rate of 30 mV-s in the
0.5-6 V or 0.01-6 V potential rangess( Li*:Li°). An Al or Pt wire was used as working
electrode, a Pt wire as counter electrode and hoetabs reference electrode.

Galvanostatic tests were performed in Swadeledls using a plastic positive electrode
on an Al disk containing 64 wt % LiM@,, 8 wt % SP carbon, and 28 wt % poiynylidene
fluoride)-co-hexafluoropropylenéPVdF-HFB copolymer bindelthe electrode films were cast
and processed using a procedure previously repditeda 1 cm disk of Li foil as the negative
electrode, and a Whatman GF/D borosilicate glabee fimat separator. The electrode rate
capability was determined via the collection oignature curve as the function of the salt. After
a low rate charging, the cell was successivelytdigged at decreasing rates (5C, 2.5C, 1C, 0.5C,
C/5, C/10 and C/20) with a relaxation time of 3Grbetween each step.



Figure 4. TGA, DSC traces of LiTDI, heating scan at.0°C mni*and IR spectra recorded before and

after the scan.

Figure 5. Conductivity of 1M LiPF¢, LiTDI and LiPDI salts in EC/DMC (50/50) as a fundion of the

temperature.
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Results and discussions:

The two salts TDI and PDI are stable up to 250 $Glewn by TGA-DSC. The TDI salt
IR spectra recorded on the material dried at 1583@ 300°C are identical as shown in Fig. 4,
showing that the material is chemically stable; RBédt shown) behaves similarly. 1 M solutions
were prepared from EC/DMC (50/50 w/w) mixture iresitie dry box. Karl-Fisher measurements
performed on the solution showed a water conter20oppm, when the drying temperature was
150 °C and this treatment was kept for all batels=sl in this study except LiRF

The conductivity of such solutions was measured08C and is summarized in table 1:
for comparison, LiTFSI, dicyanotriazole (DCTA) angsalts were measured. The TDI and PDI
salts display quite similar conductivities in th2q +45 °C] temperature span (Fig 5). The lower
activation energy of TDI and PDI vs. LiPFnakes them more suitable for low temperature
applications. These salts are much more conduttiae DCTA, with only LiPE and LITFSI

showing higher performances, and comparable wifOB (@ 7.5 m&m* at 0.7 M).

Solute o (mS.cm™)
LiPFg 10.8
LiTFSI 9.0
LiTDI 6.7
LiPDI 6.3
LIDCTA 2.7

Table 1. Conductivity of various salts 1M in EC/DMC50/50; T = 20°C.

The Vincent & Bruce polarization for,Testimation™! relies on the hypothesis that this
value is independent of concentration and assieslactivities with concentrations. The NMR
measurement of transport numbers is immune to switicism, as no chemical gradient is
created. The diffusion coefficients obtained by PRFKAR for the different transport numbers are
summarized in table 2 and the cationic transpombers are calculated by definition as I
Dcation/ (Dcation + Danio) @ssuming the validity of the Nernst-Einstein déopra Table 2 contains
also the diffusion coefficients for the two compntgeof the solventd NMR resonances of

linear DMC and cyclic EC are respectively at 3.8 &2 ppm).



2 -1 2 1 21
Dcation (cm°s™) Danion (cm“s™) Dsolvent (cm~s™) T

i 4.59-10° (EC
HPFe  245.10°  3.50.10° (9 o a
(LP30°%) 5.97-10°(DMC)

_ s e 459107 (EC)
LiTDI  2.21-10 2.57-10 ] 0.46
5.79-10° (DMC)

_ s e 4821107 (EC)
LiPDI  2.14-10 2.53:10 6 0.46
6.36-10"° (DMC)

Table 2. PFG-NMR diffusion coefficients for Li, anion, EC and DMC and transport numbers for
Li*; T = 25°C.

As can be seen from this data, the transport numiblghium cations with both TDI and
PDI anions are higher than that forsPHhe larger diffusion coefficient for the less @oDMC
solvent is a favourable feature, this faster mowimglecule leaving behind higls-EC, a better
solvent for concentrated salt solutions at the ieggon discharge) and positive (on charge). It
is interesting to note that the, Walue is the same for both TDI and PDI, despit ldrger
volume of the latter. This, once again, shows thatrelative mobilities of anions are determined
by their chemical structure and charge delocabratis was showed earlier in the L] and
Li[(RtSQ:)oN] (Rt = CiFanss, 1< n< 4) system&?*¥independently on their size. The role of the
anion in the close environment of the cation i® akflected by the different chemical shifts of
Li*, & =-0.81,-0.46 and 0.58 ppm for PE, TDI and PDI respectively.

The voltage stability window of the electrolyte hagken tested on Pt electrode as shown
in Fig. 6-a. The supporting solvents are stablenetastable to @ 6V over the short time of the
cyclic voltammetry and the PDI and TDI anions shgeod stability until 4.80 Ws. Li*:Li°
followed by an oxidation wall which is similar fewoth anions, reflecting the similar electronic
structure of the charge-bearing ring.

When Pt is replaced by an aluminium wire (Fig. @i@)] (and PDI not shown for clarity)
oxidize at about the same potential of 4.75 V, gnedcurrent before this threshold and the return
current are negligible, almost similar to that fdufor LiPR in commercial LP3®. For

comparison, LITFSI undergoes a large corrosioneturbeyond 3.3 Volts, practically an order of



80 ——m—m——————

70 |
60 |
50 |

40 b

I /mA cm™

30 |
20

10 |

0 1 2 3 4 5 6
potential vs Li*/Li /V

I /mA cm™
7O YW/ |

potential vs Li*/Li /V

Figure 6. a) Cyclic voltammogram of 1M LiTDI and LiPDI in EC/DMC (50/50 w/w), on Pt electrode
at 30 mV-$', upper cut-off 6 V (vs. Li *:Li°).

b) Cyclic voltammogram of LiTDI, LiPF ¢, Li[CF 3SO,),N] and LIiDCTA, all 1M in EC/DMC (50/50),
on Al electrode. Voltage limits are 0.1-6V\6s. Li*:Li°), scan speed 30 mV:§
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Figure 7. Charge behaviour for LiMn,O,4 with LiTDI, LiPDI and LiPF ¢, all 1M in EC/DMC (50/50);
upper cut-off 4.3 V. For legibility, LiPDI and LiPF ¢ traces are shifted by 5 mAh.g and 50 mV.

magnitude larger than the oxidation wall of TDIDIGTA was also tested, and shows also very
little corrosion up to 6V. Thus the three Hlckelgs, ¢ LiPFs), either passivate the Al surface,
or keep intact the native AD; layer on this metal and are the first totally demé& anions
showing this necessary property. The absence sbldison of native AlO; probably applies to
PDI and TDI, while DCTA anion, devoid of electrontmdrawing fluorine, is calculated to
oxidize~ 4V vs Li": Li° and thus the low current is attributed toiasoluble protecting layer.

When a Swageldkcell laden with 7 mg of LiMgO,, and carbon is charged (C/20) to 4.3
V (Fig. 7) the theoretical capacity for this vokkagpper limit is obtained%(120 mAh- ) with
both salts, without any visible side reactions tiee electrochemical delithiation. The knee at
4.1V is typical of LT ordering in the spinel structure 0.5 in LikMn,O,).

The cycling behaviour at C/10 was compared betwe&DI, LiPDI and LP30
electrolytes in the same Swagelok cells. As evideomn figure 8, the cells behave quite
promisingly, with a fade on the first 25 cyclesaataverage of 3 % per cycle, as compared with 5
% for LiPFR; in the same conditions, though the initial capawitth LiPFs was slightly higher. It
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Figure 8. Discharge capacity retention of LiMnO, electrode with 1M LiTDI, LiPDI and LiPF ¢ in
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Figure 9. Signature curve of LiMn,O, electrode with 1M LiTDI, LiPDI and LiPF ¢ in EC/DMC
(50/50).
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should be stressed that the upper limit (4.3 V)these cycling tests is above that of commercial
cells using the manganese spinel phase.

Finally, the power capability of these new saltssweaaluated in the same type of cell
configuration. The interpretation of such experitseshould always be done with caution when
comparing different cathode materials. Here, witfaat” electrode (typical grain size0.5 pm)
material like LiMnO,, there is no ambiguity that the signature curve igufe 9 reflects the
lithium throwing power of the electrolytes, agaiepeéndent of the total conductivity and of the
transport number. The two salts compare quite weél LiPFs, especially TDI with all the
capacity available at 1C rate. For application, also tested the wettability of LP30 and
LITDI/EC/DMC electrolytes with polyethylene separatind found that the contact surface was
larger in case of LiTDI base electrolyte; the lowface energy being certainly brought by the

CF3 group.

Conclusion

The two new salts based on the negatively chargadakzole ring rendered more
dissociated by twoft’ strongly electron-withdrawing cyano groups anc da” EWG Cks— or
C,Fs— or namely TDI and PDI have been tested as sutestifor LiPFk in conventional carbonate
solvents. The comparisons are quite positive, asetlsalts, totally covalent and not prone to
hydrolysis, protect aluminium from corrosion upptmtential that are not reached in conventional
batteries. This is against conventional wisdom lin&s the formation of protective A§fo facile
release of Foy the anion, which is not the case. There isxptamation yet for the formation of a
protective film (or the preservation of the natix&Os film) in the presence of TDI or PDI.
DCTA, the non-fluorinated analogue, also passivabesiinium, but its conductivity is only 40%
of that of TDI.

On all tests, the two salts give good performanees, the only drawback is a slightly
smaller conductivity and its consequence on thegoavapability. It must be stressed however
that the optimum in lithium transport (EC/DMC ratamncentration...) have not been sought for.
Also, after several cycles, the growth of the Sid ds possible contamination by Mn (LilMDy)
or Fe (low quality FePg) dissolved in the presence of LB the major source of impedance,
not the electrolyte conductivity. In the last ingta, the incineration of the battery in case of

accidental fire would, with TDI, release only haffthe HF compared to LiRRnd batteries with
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these Huckel salts are expected to be safer, asim@aritom the dissociation equilibria occuring
in the latter with the release of £&nhd HF from its hydrolysis.
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