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Abstract

New  generation  lithium  batteries  require  better  performances,  improved  safety,  and

sustainability.  Better  performances  can  be  obtained  with  lithium  anodes  and  high-voltage

cathodes, which in turn pose more pressure on the electrolyte stability, which is mandatory for

safety.  Deep  Eutectic  Solvents  (DESs)  are  promising  components  for  safer  and  more

environmentally sustainable electrolytes. We investigate the physico-chemical properties of DESs

made with  2,2,2-trifluoroacetamide  (TFA)  and LiPF6.  The  best  composition is  tested against  Li

metal and two cathode active materials: LiFePO4 (LFP) and high voltage  LiNi1-x-yMnxCoyO2 (NMC).

We  obtain  good  electrochemical  performance  in  a  Li-metal  cell  with  LFP.  Accelerated  rate

calorimetry  shows  improved  thermal  stability  of  the  Li  |DES  |  NMC  cell  with  respect  to  a

commercial liquid electrolyte.
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1. Introduction

Lithium rechargeable batteries are expected to play a fundamental role in the automotive and

transport sectors as well as in residential storage applications [1–4]. At present, the market state-

of-the-art (SoA) still consists of the 3a generation which uses graphite negative electrode, at most

with small amounts of silicon, LiNi0.33Mn0.33Co0.33O2 (NMC111) positive electrode and organic-based

liquid  electrolytes  (mainly  carbonates)  with  additives  [5–7].  Major  improvements  in  the

performance evolution of the next generation are expected to be related to the use of lithium

metal at the anode and high-energy cathodes. Mixed oxides with layered structure of the family

LiNi1-x-yMnxCoyO2 where  x=3,  y=0.2  (NMC532);  x=y=0.2  (NMC622);  or  x=y=0.1  (NMC811)  are

attracting  particular  interest  due  to  the  superior  specific  capacity  [8].  These  chemistries  will

require liquid electrolytes with wider electrochemical stability window [9] ( 4.5 V vs. Li+/Li) to

fully exploit the higher specific capacity of the cathode. However, the Ni-rich NMC layered oxides

suffer  of  thermal  instability  which  is  particularly  critical  for  the  device  safety  when  they  are

coupled with flammable electrolytes, such as formulations based on mixtures of cyclic and linear

carbonates. Indeed, in conditions of overcharging, overheating, or short-circuiting of a lithium-ion

battery, during the ensuing thermal runaway, the cathode can release oxygen into the flammable

electrolyte and cause the device to explode [9,10]. For these reasons, new electrolytes should

assure  better  properties  in  terms  of  safety,  no  or  low  flammability,  high  current  rate,

sustainability, and cost [11,12]. Among the solutions reported in the recent literature to overcome

these issues, an important role is played by liquid saline systems (molten salts) in the temperature

range of use of the batteries, such as ionic liquids (ILs) and deep eutectic solvents (DESs) [13–15].

ILs were largely studied in the last years both in the liquid and the plastic crystal solid analogue



forms [16,17]. They have good safety properties, but are expensive, often difficult to synthesize,

and characterized by high viscosity [18], which limits high power applications. 

DESs are neoteric liquids generally obtained by the combination of a halide quaternary ammonium

salt (e.g., choline chloride) with hydrogen-bond (HB) donors (e.g., amines, amides, urea, etc.) or

metal salts (e.g.,  LiPF6) able to assure HB-mediated self-association, to form a eutectic mixture

with a melting point much lower than that of the individual components [19–21]. With respect to

ILs,  DESs have significant advantages,  including higher biodegradability,  lower cost and toxicity

(choline chloride is a well-known chicken feed [22]), ease of preparation by temperature-assisted

mixing  without  special  purification  procedures,  possibility  of  calibrating  the  chemical-physical

properties in a wide composition range [23,24]. DESs based on N-methylacetamide with different

lithium salts [LiN(CF3SO2)2, LiPF6, LiNO3] were suggested as electrolytes for lithium-ion batteries.

However, these systems are liquid at room temperature only for low lithium content (Li molar

fraction x < 0.35), which limits ionic conductivity to 1 mS cm-1 [25]. Binary DES electrolytes based

on  methanesulfonamide  and  N,N-dimethyl  methanesulfonamide  with  lithium

bis(fluoro)sulfonimide, and lithium bis(trifluoromethane)sulfonimide were also reported [26]. Our

group reported on bio-inspired choline-chloride-based DESs  encompassing  LiN(CF3SO2)2 (LiTFSI)

and LiPF6 which showed room temperature conductivity exceeding 5  mS cm-1 [27]. Later,  DESs

were used to prepare solid or semi-solid electrolytes [28–30].

Recently, a new DES based on the use of LiTFSI and 2,2,2-trifluoroacetamide (TFA) was introduced

as stable lithium electrolyte up to high voltage [31]. This system showed a conductivity of 1.5 mS

cm-1 at  30°C and a quite unusual anodic  stability,  however the charge efficiencies of half  cells

equipped with LiMn2O4 were around 80%, despite of the use of carbonates as additives in the

electrolytic mixture. It is therefore evident that a careful evaluation of TFA-based DESs has yet to

be carried out and their practical application validated. 



In this paper, we reported for the first time on a DES obtained by using 2,2,2-trifluoroacetamide

(TFA) as the HBD, and LiPF6 as HBA. This makes the system simpler to prepare, at the same time

offering the possibility to explore a large composition range. We also explored the role of some

additives  to  obtain  better  interfacial  stability  through  the  formation  of  a  more  stable  solid

electrolyte  interface  (SEI)  [32].  In  the  following,  the  advantages  of  the  use  of  the  TFA-based

electrolyte compared to the carbonate approach are firstly discussed, after which the chemical-

physical  characterization  of  DES  is  presented,  reporting  the  thermal,  electrical,  and

electrochemical properties. Preliminary results on the use of a TFA-based formulation in cells with

lithium metal and LiFePO4 and LiNi0.33Mn0.33C0.33O2 cathodes are presented. As proof of concept of

the improved cell safety, we finally compared accelerating rate calorimetry (ARC) tests on cells

equipped with NMC cathode and both the commercial and the DES electrolytes.

1. Experimental section

1.1 Materials 

2,2,2-Trifluoroacetamide (TFA,  99%) was acquired from Fluorochem Ltd.  (UK)  and dried under

vacuum  for  2h  before  using.  Lithium  hexafluorophosphate  (LiPF6,  battery  grade),  lithium

bis(trifluoromethanesulfonyl)imide  (LiTFSI,  anhydrous  99.99%),  1.0  M  LiPF6 in  EC/DMC=50/50

(LP30, battery grade), ethylene carbonate (EC, anhydrous 99%), fluoroethylene carbonate (FEC,

anhydrous  99%),  1-methyl-2-pyrrolidinone  (NMP,  anhydrous  99.5%),  and  lithium  nickel

manganese cobalt oxide (LiNi0.33Mn0.33Co0.33O2,  NMC111) were provided by Sigma Aldrich.  PVdF

6020  was  acquired  by  Solvay  Specialty  Polymers  S.p.a.  (Italy).  Lithium  iron  phosphate  was

obtained  by  HydroQuebec  (Canada).  All  the  materials  and  the  electrochemical  cells  were

manipulated in Ar-filled glove boxes ([O2], [H2O] < 0.1 ppm). 

2.2 Materials characterization



Karl-Fisher titration was performed on a Metrohm 899 Coulometer equipped with a generator

electrode with diaphragm. Hydranal Coulomat AG and CG were used as reagents for anodic and

cathodic  compartments,  respectively.  The instrument was previously calibrated using Hydranal

CRM Water Standard 1.0. About 0.2 ml of DESs were added in the anodic compartment and the

analysis was carried on until the H2O drift reached a value < 5.0 µg min-1.

Thermogravimetric analysis (TGA) was carried out on a Mettler Toledo TGA/DSC1 STAR e System

(temperature range 30-500°C, heating rate of 10°C min -1 under constant N2 flux of 50 mL min-1) to

evaluate the thermal stability of DESs.

Thermal properties were investigated using differential Scanning Calorimetry (DSC) on the same

Mettler Toledo instrument sealing the samples into aluminum pans (volume of 40 µL). A sealed,

empty pan was used as reference. All the analyses were performed using the following thermal

protocol under N2 flux of 80 mL min-1: i) cooling the system down to -40°C at 1°C min -1; ii) isotherm

at -40°C for 30 minutes to induce crystallization; iii) further cooling down to -80°C at 1°C min -1
; iv)

heating to 80°C at 5°C min-1 to observe the endothermic phenomena.

The morphology of the Li metal electrodes after stripping plating was characterized by the SEM

Zeiss Gemini electron microscope on samples prepared as described below. 

For the  Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) measurements, 10

mg of active cathode materials (LFP and NMC532) have been suspended in 500 mg (approx. 294

mL) of LiPF6:TFA 20:80 DES. After a week, the solution was filtered using PTFE filters (pore size:

0.45 µm) and 50 µL were taken and diluted in water so to obtain 10 mL of solution. Nitric acid was

also added (2vv%). The instrument was the ICP_AES (Instruments SA, Jobin-Yvon 38 Sequential,

France).

2.3 Electrical and Electrochemical Characterization



The ionic conductivity of all the samples was determined using Impedance Spectroscopy with an

AMEL 192/K1 conductivity cell with two black platinum electrodes and a cell constant K=1.06 cm. 

Transference numbers were evaluated by the Bruce Vincent method by using a Li|DES|Li CR2032

symmetrical coin cell and applying a constant voltage of 10 mV until observing a stabilization of

the delivered current. Impedance spectra have been collected before and after the polarization. 

The  electrochemical  stability  window  (ESW)  of  DESs  was  determined  performing  cyclic

voltammetry  (CV)  with a  scan rate  of  1  mV s-1 and  using  three-electrode Swagelok  cells  with

carbon-coated Al (for oxidation) or Cu (for reduction) as working (WE) electrode and Li foil disks as

counter  (CE)  and reference (RE)  electrodes.  Potential  range were set up to 5.5  V vs  Li+/Li  for

oxidation and down to -0.075V vs Li+/Li for reduction testing.

Stripping-plating analyses were carried out on symmetric Li|DES|Li CR2032 symmetrical coin cells

delivering an alternatively positive and negative constant current density of 1.0 mA cm -2 for 1 hour

(lithium plating capacity =1 mAh cm-2). 

SEM images were collected to detect any difference between the surfaces of metallic lithium after

cycling in presence of the DES electrolyte with and without additives. In order to do this, two coin

cells with metallic lithium electrodes were assembled. A glass microfiber separator was soaked

with the two electrolytes. Such cells were cycled for 10 cycles with a current density of 1 mA cm -2,

2h per cycle. The cells were then opened in glove box, the electrodes were extensively washed in

DMC so to remove the electrolyte remaining on the surface. Finally, the lithium electrodes were

stored in vials, then transported to the SEM where they were rapidly transferred in the sample

holder to avoid reactions with oxygen and water.

SwagelokTM full cells were assembled having Li as CE and RE, and cathodic materials prepared as

follows as WE. LiFePO4 (LFP) and LiNi0.33Mn0.33Co0.33O2 (NMC111) based electrodes were obtained

via  doctor blading on Al foils of NMP based slurries with 80 wt% of active material, 10 wt% of



conductive SuperPTM carbon black, and 10 wt% of PVdF 6020 as binder (active material loading

≈2mg cm-2). The cells were cycled at a current rate equal to C/10. All the electrolytes were soaked

on GF/B Glass Microfiber WhatmanTM Filter with an average loading of 150 µL for 16mm separator

disks.

Accelerated Rate Calorimetry (ARC) tests were performed using an ES-ARC instrument (THT Ltd.,

UK). The thermal behaviour of two 2032-coin cells, assembled with metallic lithium as negative

electrode,  NMC532  (MTI  electrode  sheet,  active  mass  loading:  12.1  mg  cm -2)  as  the  positive

electrode and LP30 or DES as the electrolyte was explored. The experimental procedure consists in

heating steps of 5°C followed by 10 minutes to allow thermalization of the working chamber. After

that,  the instrument spends 10 minutes to evaluate  any differences in the temperatures (i.e.,

exothermic processes) recorded by the four thermocouples. If no differences are measured, the

temperature is increased again by 5°C and the step is repeated, otherwise the temperature is

monitored  for  the  entire  exothermic  process  duration,  only  to  be  increased again  when it  is

finished, up to a maximum temperature of 250°C.

3 Results and Discussion

3.1 Electrolytes preparation

The flammability of commercial carbonate-based electrolytes can be ascribed to linear molecules

that  are  commonly  used  to  decrease  the  solution  viscosity  due  to  the  presence  of  ethylene

carbonate  (EC).  Examples  of  such  linear  systems  are  diethyl  carbonate  (DEC)  and  dimethyl

carbonate (DMC). Table 1 shows the chemical and physical characteristics of interest taken from

the corresponding safety data sheets. Both DEC and DMC have low flash point and are classified

“hazard 3” in flammability, i.e., can be ignited under almost all ambient temperature conditions.

Other electrolyte solvents (such as EC) or SEI forming additives (fluoroethylene carbonate, FEC)



are much more stable and do not pose stringent safety concerns [33]. Thus, one of the main

advantages of using a TFA-based DES, which is a solid powder at room temperature (melting point

= 72.5°C), would be to avoid linear carbonates making the battery safer.

Table 1. Hazard level of some electrolyte solvents and additives in LIBs.  

Flash point
(°C)

Auto-ignition
temperature

(°C)

NFPA 704 rating

H F I

EC 150 - 2 1 0
DEC 25 445 1 3 1
DMC 16 465 0 3 0
FEC 102.2 - 2 0 0
TFA - - 2 1 0

NFPA=Standard System for  the Identification of  the Hazards of  Materials  for  Emergency Response (National  Fire
Protection Association, US) H=Health; F=Flammability, I=instability-reactivity: the higher the number, the worse the
performance.

As mentioned in the Introduction, the use of TFA as HBD in deep eutectic electrolytes has been

already  reported  in  the  literature  with  LiTFSi  as  HBA  [31].  Anyway,  the  cycling  performance

resulted not satisfying and the system showed poor conductivity. Consequently, we decided to

investigate other Li salts as feasible HBA, and, among others, LiPF6 resulted particularly promising.

The TFA-based deep eutectic solvents were produced by mixing the desired amounts of HBD (TFA)

and HBA (LiPF6).  Six  different  TFA:LiPF6 compositions  were explored with the TFA molar  ratio

ranging from 0.5 to 0.9 (see Table 2). To improve the dielectric properties and the electrochemical

stability,  two  more  electrolytes  were  prepared  by  adding  non-flammable  carbonates  to  the

TFA:LiPF6 80:20 composition, which was proven to be the most conducting one. 

Both the DES precursors, as shown in Figure 1a, appeared as white powders while their mixtures

give a clear and homogenous liquid after mildly heating for 30 minutes and then stirring at room

temperature overnight (Figure 1b). Only the solution with the higher TFA amount (TFA:LiPF6 90:10)

showed  some  instability  with  secondary  phase  separation  in  contact  with  the  glass  walls,  as



discussed later. Karl-Fisher titration was carried out on mixtures to determine the amount of H2O

contained  into  the  DESs,  and  in  all  the  cases,  the  amount  of  water  was  below  50  ppm.  In

particular, TFA:LiPF6 80:20 DES had a water content of 36.6 ppm, only slightly higher than the one

of  commercial  carbonates.  Anyway,  the  electrolyte  is  hygroscopic  since  the  same  analysis

performed after 3h of exposition to open air yielded a result of 196 ppm.

Figure 1. LiPF6 and TFA powders in molar ratio 80:20 a) before and b) after the mixing.

Flammability testing has been also conducted to verify the safety improvements imparted by DES

with respect to commercial carbonate electrolyte. In Figure S1 in the Supplementary Information it

is possible to observe that the Celgard® H2010 separator supporting TFA:LiPF6 80:20 DES is mostly

unaffected by a free flame for more than 15 seconds. Conversely, the polymeric separator soaked

with LP30 was burned when subjected for 3 seconds to the same treatment.

Table 2. List of the investigated samples.

Component 1 Component
2

Molar ratio Additives 
wt%

TFA:LiPF6 50:50 TFA LiPF6 50:50 ---
TFA:LiPF6 60:40 TFA LiPF6 60:40 ---
TFA:LiPF6 70:30 TFA LiPF6 70:30 ---
TFA:LiPF6 75:25 TFA LiPF6 75:25 ---
TFA:LiPF6 80:20 TFA LiPF6 80:20 ---
TFA:LiPF6 90:10 TFA LiPF6 90:10 ---

TFA:LiPF6 80:20 +10%EC TFA LiPF6 80:20 10% EC
TFA:LiPF6 80:20 +10%EC +5%FEC TFA LiPF6 80:20 10% EC, 5% FEC

3.2 Electrolytes characterization



Differential scanning calorimetry was used to determine the phase diagram of the TFA:LiPF6 binary

system shown in Figure 2a. In the DSC curves (see Figure S2 in the Supplementary Information) the

melting temperatures  were estimated form the onset of  the endothermic processes observed

during the final heating ramp. The addition of LiPF6 to pure TFA dramatically decreases the melting

temperature, and the supposed eutectic composition (80:20) shows a eutectic temperature of 4°C.

For all the solutions, the DSC thermograms also confirmed the presence of a sharp glass transition

followed  by  an  enthalpy  endothermic  overshoot,  typical  of  similar  systems  [34,35],  usually

connected to kinetic structural rearrangement in the viscous liquid state at T>Tg=[-70°C; -65°C].

Thermogravimetric analysis (TGA) confirmed that the TFA:LiPF6 80:20 DES is thermally stable up to

T>100°C (Figure 2b). Conversely, pristine TFA powder, which presents a melting point Tm≈70°C and

a boiling point Tb≈165°C, started to decompose at slightly lower temperature (≈100°C). It is also

worth noticing that all the solutions with a molar ratio different from the eutectic composition

displayed a somehow bimodal weight loss profile attributable to the degradation of two different

phases present in the system.  

To further evaluate the thermal stability of these compounds, 1st order derivative of the previously

reported  TGA curves  was  computed to  extract  the  derivative  thermogravimetric  profiles  and,

consequently,  the  position  of  the  inflection  point  Tinf (Figures  S3  a-b  in  the  Supplementary

Information).  As expected, increasing contents of TFA resulted in a decrease of T inf due to the

lower degradation temperature of the amide compared to LiPF6 [36,37]. Interestingly, the highest

value  of  Tinf was  not  observed  in  correspondence  of  the  maximum  LiPF6 content  (180°C  for

TFA:LiPF6 50:50)  but  for  TFA:LiPF6 80:20 (Tinf=188°C)   confirming once more the extent  of  the

intermolecular  interactions,  established  at  the  eutectic  ratio,  that  contribute  to  stabilize  the

system.



Figure 2: a) Tentative phase diagram of the binary system TFA:LiPF6.  b) TGA profile of TFA powder and
TFA:LiPF6 DESs performed in N2 atmosphere at a heating rate of 10°C/min.

The ionic conductivity of the different TFA-based DESs at the eutectic composition (Figure 3a) and

of  the  other  TFA:LiPF6 compositions  were  investigated  (Figure  3b).  Some  of  the  investigated

temperatures are below the estimated melting points of Figure 2a, however the solutions under

analysis did not show any precipitate because of metastability. Only in the case of the TFA:LiPF 6

90:10 sample, the analysis was not performed because the electrolyte resulted unstable in the low

temperature region where a precipitate was observed. For the sake of comparison, the eutectic

TFA:TFSI 80:20 solution was prepared, and the results agreed with the literature data [31]. From

Figure 3a, however, it is possible to notice the clear improvements on the conductivity imparted

by the substitution of LiTFSI with LiPF6: indeed at 25°C the conductivity of the TFA:LiPF6 80:20 is

three times higher than the conductivity of the same composition made with TFSI. The increase of

electrical properties of LiPF6-containing solutions compared with those of LiTFSI have already been

observed in various solvents such as PC [38] and EC/DMC [39].  The higher conductivity of LiPF6 has

been attributed to the higher ionic dissociation in such salt, despite the smaller size and sphericity

of  the  PF6-anion  inducing  higher  viscosity  due  to  a  larger  solvation  sphere  compared  to  the

asymmetric and bigger TFSI-. Addition of EC slightly increased the overall conductivity thanks to



the expected reduction of viscosity. Figure 3b shows the dependence of  ionic conductivity from

the  molar  ratio  of  the two components  of  the  DES.  As  already  stated,  the  best  results  were

obtained using a fixed 80:20 ratio with a room temperature value ≈3.5 mS cm-1. Consequently,

subsequent electrochemical testing was performed only using the solution at the eutectic ratio.

Figure 3: Ionic conductivity of (a) DESs based on different HBA at the eutectic composition, and (b) different
molar ratios between TFA and LiPF6. c) Arrhenius plot of TFA-based DESs with LiTFSI and LiPF6. d) VTF plot of
TFA-LiPF6 80:20 +10%EC+5%FEC. Fitting parameters are reported in Table 3.

In  the Arrhenius plots (Figure 3c)  all  the solutions showed a non-linear behaviour,  which was

successfully fitted with the empirical Vogel-Tammann-Fulcher (VTF) equation:



where B is a pseudo-activation energy expressed in Kelvin and T0 is a parameter which may be

related to an “ideal” glass transition temperature. A typical best fit is shown in Figure 3d for the

eutectic  composition  with  additives,  and  the  fit  results  are  reported  in  Table  3  for  all  the

electrolytes.

Table 3. Electrical properties and VTF best fits of the investigated samples. σLi+: ionic conductivity 
at 25°C; σ0, T0, and B: VTF fitting parameters; Tg: glass transition temperature determined from 
DSC analyses.

σLi+ at 25°c
 (mS cm-1)

σ0

(S cm-1)
T0 
(K)

B 
(K)

Tg

(K)

TFA:LiPF6 50:50 2.09 0.48 19
3 476 20

4

TFA:LiPF6 60:40 2.69 0.46 20
2 406 20

6

TFA:LiPF6 70:30 2.79 0.49 19
9 406 20

6

TFA:LiPF6 75:25 2.93 0.46 20
2 395 n.a.

TFA:LiPF6 80:20 3.49 0.44 20
6 360 20

2

TFA:LiPF6 80:20 +10%EC 3.79 0.47 20
6 360 n.a.

TFA:LiPF6 80:20 +10%EC +5%FEC 3.91 0.44 21
1 325 n.a.

 parameter did not show any clear trend across the composition range, and it is in line with the

calorimetric  Tg values  obtained by DSC.  In  contrast,  B  showed a clear  decreasing behavior  by

increasing TFA content, es expected from the conductivity data.  The addition of 5% FEC has a

beneficial effect, by further decreasing the pseudo-activation energy B.

The Li+ transference number () of the most performing solution (TFA:LiPF6 80:20 + 10%EC +5% FEC)

was  determined  using  Bruce-Vincent  method  [40].  The  corresponding  DC  and  AC  curves  are

reported  in  Figure  S4  in  the  Supplementary  Information.  The   was  then  obtained  using  the

formula:



where ΔV is the constant applied potential, I0 and R0 are the initial current and the initial interfacial

resistance, Is and Rs the current and the interfacial resistance at the steady state. The estimated Li+

transference number for the TFA:LiPF6 80:20 + 10%EC +5% FEC electrolyte was 0.2. 

The  electrochemical  stability  of  the  TFA:LiPF6 80:20  solutions  was  then  evaluated  by  CV  to

estimate both the anodic and the cathodic decomposition potentials. The eutectic composition

without carbonate additive was stable up to  ≈ 4.55 V vs. Li+/Li, demonstrating its compatibility

with most of the cathodic materials for LIBs (Figure S5 in the Supplementary Information). No

differences were noticed between the solutions containing only EC and EC+FEC.

Conversely,  the  TFA:LiPF6 80:20  DES was unstable at  low potentials,  presenting an irreversible

peak  at  ca.  1.25  V  vs.  Li+/Li  which  can  be  attributed  to  TFA  reduction  (Figure  S6a  in  the

Supplementary Information). In this case, the lithium plating/stripping process shifted in potential

and increased in current, probably because of the increased surface area of the freshly formed

metallic lithium and of the dynamic SEI formation. Better results were observed for the carbonate

containing  electrolyte  (10%EC  and  5%  FEC).  As  shown  in  Figure  S6b  in  the  Supplementary

Information,  the  1st cycle  showed  a  strong  reductive  process  related  both  to  TFA  and  FEC

degradation (note that the current scale is much lower compared to figure S6a). This phenomenon

seems to produce a more stable interface that leads to a stabilization of the peaks related to the Li

stripping and plating process.

3.3 Functional characterization

Symmetric LiDESLi  coin cells were assembled to verify the stripping/plating capability of our

DESs and the interfacial stability with respect to Li anode under galvanostatic cycling. In particular,

the system containing no additives was unstable and did not permit any noteworthy stable cycling.

Conversely, as shown in Figure 4, EC and FEC addition enabled the system to operate stably for



more than 50 hours with a reduced overpotential  at  a current density of 1 mA cm -2 and at a

lithium plating capacity of 1 mAh cm-2. In order to understand the reasons for this behavior, we

investigated the surface morphology of lithium electrodes after a few cycles of stripping-plating.

The images, shown in Figures S7 a-d in the Supporting Information show that the use of additives

makes the lithium metal surface much smoother, probably due to the formation of a more stable

SEI and the suppression of dendritic growths. These observations are also supported by the EDX

investigation (Figure S7 e-f), which shows an important presence of F on the surface of lithium

cycled in the absence of carbonates, probably due to the formation of inorganic fluorides (LiF). The

presence of unwashed salt can be excluded in the higher resolution images and the absence of the

P signal in the spectrum (not shown). Conversely, in the spectrum of the sample cycled in the

presence of  additives,  the C and O signals  increase significantly,  probably  indicating  both  the

presence of LiCO3 and of the organic derivatives produced by the decomposition of carbonates

that normally protect the inorganic layer from dissolution.        

Figure  4:  Voltage  profile  showing  the  lithium  stripping/plating  process  for  a  symmetric  Li/Li  coin  cell
containing TFA:LiPF6 80:20+10%EC+5%FEC at a current density of 1 mA cm-2 (1 hour for each half cycle).



After  having  confirmed  the  compatibility  of  TFA:LiPF6 80:20+10%EC+5%FEC  with  respect  to

stripping/plating of Li anode, this electrolyte was tested in lithium-metal batteries equipped with

different  intercalation  cathodes  to  determine  its  performance  during  galvanostatic  cycling.

Galvanostatic  cycling  measurements  with  potential  limitation  (GCPL)  were  performed  on

LiDESLFP and LiDESNMC111 cells using the eutectic composition. In the former case, the DES

was formulated both with and without carbonate additives, to further highlight the importance of

interface stabilization. LFP-based cells were cycled at C/10 with respect to the cathode mass using

cut-off potentials of 4.1 V and 2.4 V vs. Li+/Li. Figure S8 of the Supplementary Information reported

the  voltage  profile  of  the  cell  employing  TFA:LiPF6 80:20  with  no  additives,  and  the  relative

efficiency vs. cycle number. The first cycle discharge specific capacity was 75 mAh g -1. This value

decreased to 50 mAh g-1 after 20 cycles, after which the cell underwent a dramatic decrease of

performances. It was clear that the electrolyte is not able to operate in contact with Li metal, due

to the impossibility of forming a stable anodic SEI.

Figure 5:  a)  Charge discharge profile  at  C/10 of  a  Li|DES|LFP three-electrode Swagelok cell  employing
TFA:LiPF6 80:20 + 10%EC + 5%FEC as the electrolyte and (b) corresponding cycle performance.

Conversely, after some stabilization cycles required for the formation of SEI, the electrolyte with

the additives (10% EC, 5% FEC) operated stably for more than 70 cycles delivering specific capacity



of about  100 mAh g-1 with a reduced overpotential  (Figure 5a).  The coulombic efficiency (CE)

strongly improved upon cycling, reaching an average value of 99.1% in the last 15 cycles (Figure

5b).

The high- voltage cathodic material NMC111 was also tested in the potential range 2.7 V - 4.3 V vs.

Li+/Li  at  C/10.  However,  this  preliminary  testing  yielded  results  not  comparable  to  the  ones

achieved  using  LFP  since,  despite  of  additives  addition,  as  continuous  capacity  fading  was

observed along the first 40 cycles (see Figure 6a,b).

Figure  6:  a)  Charge  discharge  profile  of  a  Li|DES|NMC111  three  electrode  Swagelok  cell  employing
TFA:LiPF6 80:20 + 10%EC + 5%FEC as electrolyte and (b) corresponding cycle performance.

To  understand  the  difference  between  the  two  active  materials  and  highlight  any  cathode

dissolution problems, we performed two experiments in which the LFP and NMC powders were

left in contact with DES 80:20 for a certain period of time. To facilitate any etching, the amount of

active material was relatively small (10 mg) compared to that of the solvent (500 mg). After one

week, the solution was filtered and analyzed with ICP to determine the concentrations of Fe in the

first sample and of Ni, Mn and Co in the second. The results of the two experiments were very

different: in the case of Fe, the quantity determined in solution was 3% of that initially present in



the 10 mg of LFP, while for NMC the quantities solubilized in the solvent were respectively 19, 20

and 11% for Ni, Mn, and Co. This demonstrates that the instability seen in Figure 6 is due to the

solubility of NMC, which should therefore be protected at the surface.

Although the Li|DES|NMC111 cell is not optimized and its performance must be improved, this

more  critical  configuration  was  used during  ARC  testing  to  demonstrate  the  improved safety

imparted by to the use of DES.  The results are shown in Figure 7 and their qualitative analysis

allows us to appreciate the improved thermal stability of the DES electrolyte even in the presence

of cyclic carbonates. In fact, both the cells showed the onset temperature of a first degradation

reaction between 100 and 120°C due to the decomposition of SEIs. From here on, both cells began

to  self-heat,  up  to  a  temperature  of  150°C  at  which  cathode  decomposition  occurred  [41].

Following this, the behavior of the two cells is completely different. The cell with the commercial

electrolyte showed an exponential increase in temperature that quickly caused thermal runaway

(the measurement was still  stopped at  250°C),  whereas  in  the cell  with DES the temperature

increased much more gradually until it stabilized at 195°C. To reach the cut-off temperature, the

system  had  to  be  reheated  externally,  and  the  final  temperature  was  still  reached  with

temperature gradients < 0.05 °C min-1.  
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Figure 7: Temperature vs. time profiles of ARC measurements for the Li| TFA:LiPF6 80:20 + 10%EC + 5%FEC
|NMC (black curve) and the Li| LP30 |NMC (red curve) coin cell. 

4 Conclusions

The physico-chemical and electrochemical properties of TFA:LiPF6 DESs are attractive for future

developments  as  electrolytes  in  rechargeable  lithium-ion  batteries.  Indeed,  the  eutectic

composition (TFA:LFP6 80:20) shows good conductivity at room temperature (3.5 mS cm -2), which

can be further improved with the addition of cyclic carbonates that can also have a beneficial

effect in terms of safety. The presence of these additives is also beneficial to mitigate the cathodic

instability of TFA, indeed we have demonstrated that EC and FEC are able to form a more stable

SEI. The electrolyte performance in batteries equipped with LFP cathode was encouraging, while

those  with  high-voltage  active  material  still  need to  be  optimized,  chiefly  by  working  on  the

stability of the cathode interface. In the former case, the cell was able to operate for 70 cycles

with a specific capacity higher than 100 mAh g -1.  In the latter, however, a net increasing of the

thermal stability of the cell was demonstrated by ARC tests.
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Appendix A. Supplementary data

Results of flammability test, DSC profiles, analysis of TGA first derivatives, Bruce-Vincent method,

anodic and cathodic stability, morphological changes of Li anodes upon cycling with and without

additives, and performance of a LiDESLFP cell without additives can be found in the Supporting

Information.
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