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Abstract

Here, we present first examples of lithium metal cells stable and safely operating with PYRu,*(TFSI"/FSI')-based
protic ionic liquid (PIL) electrolytes, which is accomplished by encompassing vinylene carbonate (VC) in the
PIL-salt solution. VC not only enhances the stability window of PIL electrolytes; it also undergoes
electrochemical decomposition during initial cycling, thus creating a protective barrier at the
electrolyte/electrode interface. The protective film prevents degradation at the Li metal anode due to
hydrogen release, as well as at the cathode side at anodic potential. Materials and related devices are
investigated in their main physico-chemical characteristics, ionic conductivity, electrochemical behavior by
impedance spectroscopy, cyclic voltammetry and galvanostatic cycling. Newly designed electrolyte
formulations enable direct cycling of Li-metal cells with PILs to achieve excellent stability with LFP and NMC-
based cathodes, almost full capacity (2160 mAhg?) and highly reversible operation at RT and different current
rates up to 1C. The PIL-VC based cell outperforms bare PIL electrolyte as well as the aprotic PYR14TFSI based
cells, thus enlightening a feasible strategy to suppress the high reactivity of PILs towards alkali metals; along
with the use of appropriate materials, this may turn high energy density, low-cost PIL-based Li-metal batteries

into industrial reality soon.
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1. Introduction

In the forthcoming decade, the growth in electrification of modern society will mainly be driven by the
irreversible deployment towards decarbonization in many critical sectors: large investments for the
exploitation of renewable energy resources are increasing worldwide, with particular attention to wind and
solar power energy plants, which are the most mature technologies [1]. In this scenario, batteries are
identified as high-performance systems that can efficiently store and deliver energy on demand along with
reducing the carbon footprint of the transportation sector, stabilize the power grid and support a wide range
of strategic industries [2]. Lithium-ion batteries (LIBs) are nowadays one of the most important energy
storage devices. LIBs are already dominating the portable consumer electronic market and have been
indicated as the most promising electrochemical devices for the realization of hybrid-electric, plug-in and full
electric vehicles, as well as for advanced delocalized energy storage units [3]. The commercially available LIBs
contain electrolytes based on organic carbonate mixtures (e.g., ethylene carbonate - EC, and diethyl or
dimethyl carbonate - DEC/DMC). These electrolytes show high ionic conductivity, excellent wetting
properties and low charge-transfer resistance at the interface with the active materials [4]. However, the
presence of flammable and volatile organic solvents accounts for serious safety hazards, including leakage,
auto-combustion and/or explosion in abusive conditions [5]; these features are also accompanied by serious
environmental issues, such as pollution of soil/water sources and human health, especially at the end of a
battery life without proper recycling/remanufacturing [6].

These issues are prompting research on the development of new electrolyte materials. In this scenario, ionic
liquids (ILs) are considered amongst the most promising candidates to replace conventional organic liquid
electrolytes [7]. ILs are an interesting class of salts having melting points lower than 100 °C, with major
advantages over organic solvents, which include negligible vapour pressure at low/moderate temperature,
high chemical and thermal stability, and, in some cases, hydrophobicity; as a result, they are considered safe
due to non-flammability, and they have also attracted great attention for use as “green” solvents for chemical

reactions [8,9],[10].



Synthesis procedures of several families of aprotic ILs (AlLs) have already been deeply studied and optimized
[11-13], as well as their energy application as electrolytes or electrolyte components for electrochemical
devices - including rechargeable batteries, fuel cells, double-layer capacitors and hybrid supercapacitors -
due to their high ionic conductivity and electrochemical stability [14—19]. Nevertheless, a subset family of ILs,
called protic ionic liquids (PILs), is receiving increasing attention in recent years, as they possess all the
attractive features of AlLs, but, in addition, they are typically cheaper and easier to prepare, thus more
sustainable [20,21]. PILs are synthesized via direct neutralization reactions of a Brgnsted acid (proton donor)
and a Brgnsted base (proton acceptor) [14], resulting in most cases in a nitrogen-containing organic cation
singly or doubly protonated with a corresponding counter anion. The main advantage of PILs over AlLs results
from the presence of less shielded cations in the former ones, intrinsically responsible for the “cation
competition effect”, which, in a mixture of PIL-Li salts, results in loosely coordinated Li* ions along with
improved mobility [22,23].

The use of PlLs as electrolytes in LIBs is rather recent [24], and their use in high-energy Li metal battery has
never been considered so far because of the presence of acidic protons, which are strongly reactive towards
the Li metal electrode. It is well known that Li metal is the ultimate choice for the anode amongst all possible
candidates, because it has the highest theoretical capacity (3,860 mAh g™) and lowest electrochemical
potential (—3.04 V vs. the standard hydrogen electrode) [3,25,26],[27]. Furthermore, the Li metal anode is
the core of Li-S and Li-air systems, both of which are being intensively studied for next-generation energy-
storage applications [28], as well as the intriguing opportunity of reaching the maximum energy density
achievable by Li metal cells operating with high voltage cathodes (e.g., LMNO, LiCoPO,4, NMC at very low Co
content or Li-rich NMC) [29],[30]. Therefore, the combination of PILs as electrolyte components with Li metal
anode is still a great challenge, possibly leading to high-energy density devices, with improved performances
compared to the systems with AlLs, mostly due to the enhanced mobility of Li*. Considering all the above
mentioned attractive features of PILs, the introduction of this(these) innovative electrolyte(s) could be of
importance for the development of safe and cheaper IL-based Li-metal batteries, thus establishing new

market opportunities.



In this work, we report for the first time the use of pyrrolidinium-based PILs with Li metal as anode in two
different lithium ion battery configurations, using both lithium iron phosphate (LFP) and lithium nickel
manganese cobalt oxide (NMC) as cathodes. The electrolytes consist of solutions of N-butylpyrrolidinium-
bis(trifluoromethanesulfonyl)imide (PYRusTFSI) or N-butylpyrrolidinium-bis(fluoromethanesulfonyl)imide
(PYRwaFSI) in  combination with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) or lithium
bis(fluoromethanesulfonyl)imide (LiFSI), respectively. The electrolyte solutions are combined with vinylene
carbonate (VC) that has the fundamental purpose of promoting the formation of a thin protective layer on
the Li metal anode, preventing detrimental reactions due to the protic ILs, by means of electrochemically
induced reductive decomposition upon initial cycling [31],[32]. Within this work, remarkably stable ambient
temperature cycling at different current regimes is firstly demonstrated even with > 4 V class NMC composite

cathodes, as well as in comparison with the corresponding AlL based cells.

2. Experimental

2.1 Synthesis of protic ionic liquids (PILs) and PIL-based electrolyte solutions

N-butylpyrrolidinium-bis(trifluoromethanesulfonyl)imide (PYRuaTFSI) and N-butylpyrrolidinium-
bis(fluoromethanesulfonyl)imide (PYRnaFSI) were synthesized following similar procedures described
elsewhere [14,33]. In a first step, the yellowish precursor 1-butylpyrrolidine (98 %, obtained by Aldrich) was
distilled at 60 °C and 20 mbar. After the distillation, the resulting colorless 1-butylpyrrolidine (25 mmol) was
put in a two-neck flask equipped with a magnetic stirrer and a dropping funnel filled with 5.35 ml of HCI (35
%), topped by a reflux condenser. The reaction flask was placed in an ice bath and HCI (in molar excess) was
added dropwise under continuous stirring. After the addition, the ice bath was removed and the solution was
stirred for two hours at ambient tempearature. Residual water and reactants were removed under reduced
pressure, leaving 1-butylpyrrolidine-chloride as a solid.

The 1-butylpyrrolidine chloride (25 mmol) was dissolved in 8 ml of H,O and then put in to a two-neck flask
equipped with the same setup used for the first synsthesis step. In order to get the final TFSI and FSI PILs,

equimolar amounts of LiTFSI (99.95 %, from Aldrich, now Merck) or LiFSI (99.95 %, from Aldrich, now Merck),



respectively, were dissolved in 18 ml of H,0 and filled into the dropping funnel. In both cases, the lithium salt
solution was added dropwise to the 1-butylpyrrolidine chloride solution while keeping stirring. The solution
was stirred for 3 hours to ensure complete anion exchange. At the end of the reaction, a separating funnel
was used to remove the agqueous phase from the organic one. Subsequently, the protic ionic liquids were
washed six times with water, to remove residual LiCl. To test on complete removal, AgNO; was added to the
washing water. LiCl reacts with AgNOs to AgCl, which is poorly soluble, so the absence of a precipitation
confirms the complete removal of LiCl. As a last step, residual water was removed by reduced pressure and
heating (60 °C, 3.0x1073 mbar).

In an Ar-filled dry glove box (MBraun Unilab, O, and H,O < 1 ppm), two liquid electrolyte solutions were
prepared, hereafter named H4TFSI and H4FSI, consisting in LiTFSI or LiFSI (both battery-grade, from Solvionic,
vacuum-dried at 150 °C for 48 h, and at 70 °C for 24 h before use, respectively) dissolved in Pyry,TFSI or
PyruaFSI PILs (vacuum-dried at 60 °C for 48 h) to obtain one fully TFSI™ and one fully FSI™ anion based solution,
respectively. In both cases, the molar ratio between the PIL and the corresponding Li salt is 4:1, which was
selected, being the one with highest lithium salt concentration without crystalline phase formation, avoiding
detrimental effect to battery cycling [34].

The solutions were stirred for several hours at 30 °C until complete salt dissolution. A portion of each of the
above mentioned solutions was added with 10 wt% of vinylene carbonate - VC (battery grade, Solvionic, used
as received), followed by stirring to ensure homogeneity of the resulting solutions, hereafter named H4TFSI-

VC and H4FSI-VC. The four PIL-based electrolyte solutions were safely stored in the dry glove box.

2.2 Characterisation techniques

The ionic conductivity of the electrolytes was measured using a potentiostat ModulLabXM (Solartron
analytical) in the temperature range between —30 and 80 °C. The samples were placed in sealed cells with Pt
plated electrodes. The conductivity values were calculated from the dielectric measurements following the
method reported by Leys et al. [35]. Cells for conductivity tests feature platinum plated electrodes and were

filled with the electrolyte under argon atmosphere. Impedance spectroscopy was carried out in the frequency



range of 300 KHz to 1 Hz, with an alternating current of 5 mV, to measure the resistance. The viscosity of the
electrolytes was determined using a rheometer MCR 102 (Anton Paar), starting with shear rate of 500 s* for
the analysis at 10 °C and progressively increasing it by 250 s for each 10 °C step in the temperature range
between 10 and 80 °C. The density of the electrolytes was determined in the temperature range between 20
and 80 °C, using the density meter DMA 4100M (Anton Paar).

The electrochemical stability window (ESW) was measured in a three-electrode cell with a Pt working
electrode (WE), an oversized carbon counter electrode (CE), and an Ag quasireference electrode (QRE). After
12 hours of equilibration at the open circuit voltage (OCV), the potential was linearly varied to -3 V or 3 V vs.
Ag QRE with a scan rate of 1 mV s. The ESW was also evaluated in Li-metal cells, with lithium metal as both
counter and quasireference electrode, using a steel (S5-316) EL-cell. A Whatman glass wool disk, previously
soaked with PIL electrolyte solution, was sandwiched between the two electrodes, namely copper foil and a
lithium metal disk. The potential was linearly swept from OCV to 0.3 V vs. Li*/Li with a scan rate of 0.1 mV s
1. Fresh electrolyte was used for the anodic and the cathodic sweeps, respectively.

The Li plating/stripping experiments were carried out using two-electrode Swagelok cells equipped with Li
metal electrodes. Whatman glass microfiber filters (150 um) were used as separators drenched with 150 pL
of electrolyte. The cells were assembled under Ar-atmosphere in a MBraun LABmasterpro ECO glove box (O,
and H,0 < 1 ppm). Galvanostatic cycling (GC) tests were performed at 25 °C at a fixed current density of 0.088
mA cm™2 (0.1 mA current, 1.13 cm? electrode area), with plating or stripping steps lasting for different times

(i.e., 30, 90 and 150 min).

2.3 Electrode/cell preparation and electrochemical testing

The electrochemical performance of the liquid electrolytes in lab-scale Li metal cells was evaluated by means
of charge/discharge GC with both LiFePO, (LFP) and LiNiMnCoO, (NMC) based electrodes. Whatman GF/A
glass wool disks were used as separators drenched with 200 pL of electrolyte. The composition of the LFP
composite electrodes was 80 wt% of the active material LFP (LiFePO4+C, Life Power® P2, BASF), 12 wt% of

the electrically conductive agent (carbon black C-NERGY™ Super C65) and 8 wt% of poly(vinylidenefuoride) -



PVdF (Solvay Solef 2010) as the binder, while the composition of the NMC composite electrodes was 94 % of
the active material NMC (Ni:Mn:Co = 6:2:2, BASF), 3 % of the electrically conductive agent C65 and 3 wt% of
PVDF as the binder. The following procedure was adopted for all the electrode preparations. First, powders
of active material and C65 were gently mixed in a hand mortar. Successively, the mixture was added to a
solution of PVdF in =1 ml of N-methyl pyrrolidone (NMP, Aldrich, now Merck) under constant stirring, which
was continued for 3-4 h at ambient laboratory temperature (i.e., =21 °C). The resulting dense, homogeneous
slurry was casted onto an Al current collector using a doctor-blade. NMP solvent was removed by evaporation
at ambient temperature and further drying at 60 °C / vacuum for 24 h prior to utilization. The average active
material mass loadings were 5 and 6 mg cm™ for the LFP- and the NMC- based electrodes, respectively, with
thickness values in the range of 50-60 um. The lab-scale cells were cycled at ambient laboratory temperature
at different current-rates, where the rate denoted as C/n corresponds to a full discharge (or a full charge) in
n hours, based on the theoretical cathode capacity (C) of the corresponding electrode material. The lab-scale
Li/PIL-based electrolyte/LFP cells were cycled between 2.7 and 3.7 V vs. Li*/Li, while the Li/PIL-based
electrolyte/NMC cells between 3.0 and 4.3 V vs. Li*/Li, where the Li metal was used as both CE and reference
electrodes. The electrochemical tests described above were performed using a VMP3 electrochemical
workstation (20 V, £400 mA) by BioLogic Science Instruments (France) using ECC-Std test cells (EL-Cell GmbH,

Germany). Test cells were assembled inside the Ar-filled glove box to avoid moisture contamination.

3. Results and discussion

Fig. 1 shows the comparison of viscosity (1a) and conductivity (1b) of the two PlL-based electrolytes
investigated in this work: HsTFSI-VC and H4FSI-VC. At 30 °C, the TFSl-based electrolyte displays a viscosity of
38 mPa s, while the viscosity of the FSI-based electrolytes is 27 mPa s. Just for comparison, these values are
lower than those displayed by the neat ILs at the same temperature (43 mPa s for PyrusTFSI and 30 mPa s for
PyrusFSl) [36,37], which is most likely due to the presence of VC. The significant difference between the
viscosity of H4FSI-VC (39 mPa s) and that of HsTFSI-VC (60 mPa s) at 20 °C might be related to the proximity

of the melting point of crystalline PyrusTFSI [38]. At higher temperature (80 °C), the two electrolytes display



comparable viscosity values (9 and 11 mPa s for H4FSI-VC and H4TFSI-VC, respectively). As shown in Fig. 1b,
the ionic conductivity of the H4FSI-VC is higher than that of the H4TFSI-VC over the entire temperature range
investigated. This trend it is not surprising considering that H4FSI-VC displays viscosity values lower than those
of H4TFSI-VC in the same temperature range. This is commonly observed when comparing ILs with TFSI~ vs.
their counterparts with FSI-, due to the anion size [37]. Accordingly, the difference in conductivity is more
marked at lower temperature: at 20 °C the FSI-based electrolyte is displaying a conductivity of 5.5 mS cm™,
while the TFSl-based one a value of 1.9 mS cm™. It is also noticed that although the viscosities of the
investigated PIL-based electrolytes are lower compared to their neat counterparts, the conductivity of the
former ones is lower (e.g., at 30 °C, 8.6 mS cm™ for PyrusFSl vs. 7.7 mS cm™ for H4FSI-VC and 4.0 mS cm™ for
PyruaTFSI vs. 3.0 mS cm™ for H4TFSI-VC) [39]. This observation can be explained considering that the
introduction of lithium salt increases the amount of charge carriers, thus increasing the recombination of
ions in the system and lowering the overall conductivity. Nevertheless, it has already been shown, that the
mobility of Li*-ions is rather high in protic ionic liquids, especially compared to that in their aprotic
counterparts [22]. Lastly, an important part of the charge transport in these electrolytes is performed by the
protons of the PlLs. It has been demonstrated that PILs might be able to form a hydrogen-bonded network,
which allows H* migration through structural diffusion (the “Grotthuss mechanism”) [40,41]. However, since
the conductivity of the electrolytes under study is not increasing drastically compared to their viscosities, in
this case, conventional vehicular charge transport is likely to be the dominant process.

As shown in Fig. S1 (Supplementary Data), the variation of density over temperature displays a comparable
linear trend for both H4TFSI-VC and H4FSI-VC. Also in this case, the difference between the two electrolytes
is related to the nature of the anion counterpart. At 30 °C, the FSl-based electrolyte shows a density of 1.37
g cm3, while the density of the TFSI-based electrolyte is 1.45 g cm™; moreover, both electrolytes are denser
compared to their pure counterparts.

As mentioned in the introduction, the electrochemical stability window (ESW) of PILs is limited by the
presence of the labile proton(s) in the cation structure. Specifically, the cathodic potential limit is

considerably reduced compared to that of their aprotic counterparts.
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Figure 1. Influence of the temperature on the (a) viscosity and (b) conductivity of the investigated PIL-based electrolytes.

On the other hand, it has been already shown that the anodic stability window (ASW) of PILs is almost
analogous to that of AlLs having the same anion [42]. Neat PyrusTFSI and PyrusFSI show comparable cathodic
potential limits, close to -1 V vs. Ag QRE while, in terms of anodic potential limit, the FSI-based PIL results to
be less stable towards oxidation due to the higher chemical and electrochemical reactivity of the former
compared to the latter anion. Similar behaviour has been observed before [43]. The comparison of Fig. 2(a,b)
clearly shows that the addition of VC leads to a variation of ASW of the two PIL electrolytes. It seems that the
oxidation process of VC, at ca. 4.6 V vs Li*/Li [44], prevails over the other oxidation mechanisms, defining the
oxidation potential limits for H4TFSI-VC and H4FSI-VC. In addition, the presence of VC leads to a notable
improvement of the cathodic stability window (CSW) in both electrolytes. As shown in the Fig. 2b (and in the
magnification reported in Fig. S2 in Supplementary Data), both of them are stable till —2.9 V vs. Ag QRE
(corresponding to ca. 0 V vs. Li*/Li, which is the potential at which lithium plating takes place). The cathodic
potential limit results to be ca. 2V higher compared to the neat PIL one, indicating clearly that the presence
of VC, through a polymerization/decomposition process, leads to obtain a protective layer on the Li metal
surface, likely preventing the direct contact between Li metal and PIL [31],[44]. In order to get further
information about the electrochemical reduction of VC, the CSW was also evaluated in a Li/H4FSI-VC/Cu cell

with a Li metal electrode as the reference. The easily detectable reduction process occurring in the voltage



range between 1.5-2 V vs. Li QRE (insert of Fig. S3 in Supplementary Data) can be assigned to the

electrochemical reduction (polymerization) of VC.
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Figure 2. Electrochemical stability window of: (a) pure PyruaFSl and PyruaTFSI; (b) H4TFSI-VC and H4FSI-VC electrolytes.

In general, this process occurs at relatively high potential values as compared to the other components in the
common electrolytes [31],[45], promoting the formation of a passivation layer, which prevents detrimental
reactions due to [Pyrus]* at the Li-metal anode.

To further investigate the compatibility of the PIL-based electrolytes with the Li metal electrode, Li
plating/stripping experiments were also carried out. Fig. 3(a,b) show the voltage profiles of Li metal

symmetrical cells, using H4FSI-VC and H4TFSI-VC solutions as electrolytes.
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Figure 3. Voltage profiles of symmetrical Li metal cells in combination with (a) H4FSI-LiFSI-VC and (b) H4TFSI-LiTFSI-VC as
electrolyte, as well as the results of charge-discharge measurements of (c) HaFSI-LiFSI-VC/Li and (d) HaFSI-LiFSI-VC/Li, all

at different charge times. The experiment was conducted at 25 °C and the current density of 0.088 mA cm™.

The plating/stripping profile of the H4FSI-VC sample is characterized by relatively limited overpotential (+ =
15-20 mV) and flatter outline when compared with the TFSI counterpart (+ = 50-80 mV). This behavior could
be imputed to the intrinsic properties of FSI-based electrolytes. Fig. S4 shows the poor reversibility of the
lithium plating/stripping process without VC addition, corresponding to a severe increase of cell
overpotential and capacity fade from the early cycles.

The lower viscosity, higher conductivity and the capacity of forming a more stable solid electrolyte interface
(SEI) make lithium ion diffusion and plating/stripping processes easier with FSI" anion [46]. Fig. S5 in
supplementary data clearly demonstrates the better film forming ability of FSI-based electrolytes, limiting

the increase of the electrolyte bulk resistance during the plating/stripping process, which could be directly
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correlated to the reduced overpotential. Nevertheless, both cells appear to be stable even during prolonged
constant-current plating/stripping steps; in fact, no sign of severe electrolyte degradation was observed, both
in terms of overpotential (cell resistance) and coulombic efficiency (reversibility). Fig. 3(c,d) show stable
cycling up to 60 cycles with each step lasting for 150 min, along with high (> 99.9 %) efficiency during the
whole measurement. The plating/stripping analysis underlines the beneficial effect of VC when added into
the electrolyte solution, effectively limiting decomposition reactions of the PILs after prolonged contact with
Li metal, and accounting for the excellent lithium plating/stripping ability in PIL-based electrolytes.

Fig. 4(a,b) clearly show the difference in the galvanostatic behaviour of Li/PIL-based electrolyte/LFP cells with
and without VC. As evident in Fig. 4a, the use of PlL-based electrolyte in direct contact with the Li metal
electrode leads to rapid cell failure in about five cycles. Actually, the acidic proton strongly affects the
reactivity of PILs towards alkali metal electrodes, making them extremely more reactive than their aprotic
counterparts [47]. This reactivity is presently hindering the use of PlL-based electrolytes in alkali metal
batteries, limiting the field of application of this family of electrolytes. The high irreversible capacity of the
first cycle clearly accounts for side reactions, including the deprotonation of the pyrrolidinium cation
resulting in H; evolution and PIL degradation. The presence of VC was found to be fundamental to allow
cycling with Li metal anode, as shown in Fig. 4b. The Li/H4TFSI-VC/LFP cell shows the typical flat plateaus of
LFP cathode material for the first cycles, corresponding to Li* ion deinsertion (charge) and insertion
(discharge) from/in the LiFePO4/FePO,. The Li metal cell assembled with H,TFSI-VC is able to deliver 170 mAh
g7t during the first cycle at C/20 and 120 mAh g™t at C/10, with high reversibility (Coulombic efficiency - CE
approaching 100% during the whole cycling test) and a remarkably improved capacity retention (= 75 % after
50 cycles) as compared to the VC-free cell. To our knowledge, in addition of being remarkable, this is the first
result of this kind with a liquid PIL-based electrolyte.

These excellent results can be only explained considering the decomposition/polymerization of vinylene
carbonate occurring during the first charge, resulting in the formation of a protective film onto the Li metal
electrode. Similar to other alkyl carbonates, VC is also reduced to species containing —OCO,Li groups, part of
which may also have C=C double bonds. However, in contrast to the commonly used alkyl carbonate solvents

the reduction of VC probably forms polymeric chains by reactions of the double bond through radical
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polymerization [31]. The polymerization of VC at the surface of the Li metal electrode during the first
reduction process occurring at the Li metal anode affects the surface chemistry of the electrode, reducing
the irreversible capacity and suppressing the rapid electrolyte degradation, making the use of PILs with Li
metal anode possible. It also accounts for a very stable passivation film onto the Li metal electrode; actually,
it can constantly sustain the volumetric variation of the lithium electrodes, which normally induces significant
mechanical stress on the SEl leading to the formation of cracks and exposing fresh-lithium directly to the

electrolyte.
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Figure 4. Galvanostatic charge/discharge cycling behavior of [Li metal/PIL-based electrolyte/LFP] cells assembled with
PYRH4TFSI-LiTFSI and H4TFSI-VC PIL-based electrolytes, respectively: voltage vs. specific capacity profiles at different C
rates and evolution of the specific capacity (a,b) and specific charge/discharge capacity and coulombic efficiency vs.
cycle number at C/10 and C/20 rates (c,d). All of the measurements were performed at ambient laboratory temperature

(=21 °C), setting the same C rate for both the charge and discharge steps.
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In our system, we can even assume that the bare new, free, exposed lithium metal surface that might form
upon cycling almost completely reacts again with the excess of VC, to form a new SEl in equilibrium with the
peculiar polarization conditions that the electrode is experiencing [48,49], thus accounting for the limited
capacity fade upon cycling. The stability and robustness of the protective layer upon cycling at higher current
regimes was confirmed by reducing the current rate again to C/20 after the 15™ cycle: the cell recovered
almost 95% of the initial discharge specific capacity. The rather consistent capacity drop while doubling the
current rate to C/10 likely accounts for the rather low Li* ion diffusion/mobility throughout the VC-based
protective film formed; further optimisation is needed in this respect, in particular considering the effect of
the PIL anion and electrolyte formulation.

Motivated by the promising results discussed above, obtained with standard LFP-based electrodes operating
at moderate voltages and well in the stability range of common LIB electrolytes, the performance of H4TFSI-
VC was assessed in lab-scale Li metal cell using high voltage NMC-based composite cathodes. Primary
advantages of NMC-based LIBs are their high energy density and stability, allowing devices to be lighter and
more compact, more durable and better to manage. Actually, the upper voltage limit for NMC is around 4.2
V vs. Li*/Li, much higher than the LFP, which is around 3.5 V vs. Li*/Li. If the capacities of the batteries remain
constant, the energy content is defined by the voltage, which turns NMC to be a material suitable to build
much higher energy density batteries compared to LFP, particularly when combined with the lithium metal
anode.

Similarly to the LFP-based cell operating with the fully TFSI-based PIL/VC-based mixture, the discharge
voltage profile is stable and reproducible upon initial cycling, but the Coulombic efficiency decreases quickly
from the 9™ cycle (see Fig. S6 in Supplementary Data). These drawbacks, probably related to the TFSI~ anion,
can be to a large extent improved employing a solution based of FSI™ anion, considering the remarkable
performance in terms of anodic stability and more stable SEl formation [50]. Future work is needed to confirm
wether this poor cycling ability is to be attributed to the TFSI™ anion or to the quantity of VC in the system.
Taking these results into account, and in order to enhance the electrochemical performance of the NMC/Li
cell with PIL-based electrolyte, we investigated its behaviour in combination with H4FSI-VC. Fig. 5a shows the

typical charge/discharge profiles of an NMC cathode in a Li metal cell with the configuration Li/H4FSI-VC/NMC
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at different charge/discharge rates up to 1C in the voltage range of 3.0-4.3 V vs. Li*/Li. The specific capacity
delivered by the cell exceeded 155 mAh g™* during the initial cycles at C/20 rate, which is fundamental for
proper initial activation of this cathode material. The capacity drop while doubling the current rate at C/10
was actually very limited and the cell still delivered more than 145 mAh g* (15" cycle), 130 mAh g (20*
cycle) at C/5, 85 mAh g (30™ cycle) at C/2 and above 50 mAh g (40" cycle) even at C/5. In addition,
reversible charge discharge behavior was observed throughout 60 cycles, suggesting that the FSl-based
electrolyte solution allows relatively stable operation with NMC cathodes, as shown in Fig. 5b. Except for
cycling at a high current rate of 1C, the coulombic efficiency was stable above 99 % during the whole test.
The specific capacity was almost completely restored when the current rate was lowered back to C/10
(capacity retion of 95 %), with no straightforward (= 8 %) fading even after 60 cycles. At present, we may
ascribe what we observed to a better (improved compared to TFSI7) and stable passivating layer at the
interface of Li metal to effectively prevent its contact with the electrolyte solution that may cause the

deterioration of the performance upon prolonged cycling.
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Figure 5. Galvanostatic charge/discharge cycling behavior of [Li metal/HaFSI-VC/NMC] cells: voltage vs specific capacity
profiles at different C rates (a) and evolution of the specific capacity and the Coulombic efficiency with the cycle number
(b). All of the measurements were performed at ambient laboratory temperature (=21 °C), setting the same C rate for

both the charge and discharge steps.
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In our case, with sufficiently high concentration of VC present in the electrolyte, residual VC likely remains in
the electrolyte after anode SEI formation, which may undergo oxidation at the interface between electrolyte
and the high-voltage cathode, resulting in increased overall cell impedance. As already suggested in previous
studies [51], the formation of a poly(VC) film on the NMC cathode at high anodic potential values is the most
likely explanation for the large improvement in capacity retention (or lifetime) as well as the slight increase
of resistance, which may compromise the cell performance at higher discharge rates. Therefore, future
studies should be focusing on the investigation and optimization regarding the content of VC. The impact of
VC on the parasitic reactions occurring at the cathode could be summarized in a decrease of detrimental

electrolyte oxidation reactions at the positive electrode, mainly responsible for the limited lifetime.
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Figure 6. Comparison of the constant-current (galvanostatic) charge/discharge cycling behavior of different [Li metal/IL
solution/NMC] cells assembled with H4FSI-VC electrolyte and the corresponding one with the aprotic PYR14FSI-LiFSI-

VC: evolution of the specific capacity and the Coulombic efficiency at different C rates with the cycle number.

Furthermore, we compared the performance of PIL/VC-based electrolytes with the corresponding AlL-based
electrolytes (either bare or added with VC) in a Li/PYR14FSI-LiFSI/NMC Li metal cell configuration. Fig. S7 in
supplementary data shows comparable electrochemical performance of the PIL/VC and bare AIL based
electrolytes at low C/20 and C/10 rates upon initial cycling, while the difference in performance becomes

more pronounced moving towards higher C rates: actually, the specific capacity of H4FSI-VC starts to gradually
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drop. The corresponding bare AlL-based cell does not show the same drop in discharge capacity at higher
current rates of C/2 and 1C. However, the CE trend and capacity retention upon decreasing the current back
to C/10 is extremely improved for the PIL/VC-based electrolyte. This likely accounts for a more stable SEI
layer formed by this latter electrolyte compared to the bare AlL-based one. On the other hand, the presence
of the protecting layer arising from VC reduction increases the internal resistance and, correspondingly,
decreases the rate capability: optimization in this regard is required. It is demonstrated by the comparison in
Fig. 6, where it can be clearly seen that the addition of VC, particularly at high amounts (10 % by weight in
the present work), to the AlL-based electrolyte leads to a remarkable drop in the rate capability of the
Li/PYR14FSI-LiFSI-VC/NMC cell. Indeed, Fig. 6 shows the electrochemical performance of the electrolyte
solutions based on PIL and AIL, both comprising VC additive. The PIL-VC cell actually outperforms the AIL-VC
based counterpart at each of the tested current regimes (enhancement of specific capacity output of the PIL-
VC based cell compared to the AIL-VC based counterpart: 4, 15, >40 % at C/20-C/10, C/5, C/2-1C rates,
respectively). The results of Fig. 6 clearly demonstrate that, at the same conditions of temperature, current
rates, active material loading and amount of VC, PIL-based electrolytes allow superior cycling in lithium metal
batteries compared to AlLs, particularly at high C-rates. This enlightens how the intrinsic properties of PIL
and the lower viscosity affect positively the lithium ion mobility and corresponding cell behaviour.
Nonetheless, one should consider that the target of this work is not to compare the performance of PIL and
AlL, but demonstrate the positive effects of VC additive when combined with the former. Here, VC was
demonstrated to be fundamental to achieve stable cycling in Li metal cells with PILs, remarkably limiting the
surface reactivity of PIL-based electrolytes vs. the Li metal electrode and, concurrently, enhancing the
electrode stability during electrochemical tests, thus foreseeing a bright future for high energy density Li

metal and post-Li batteries.

4. Conclusions

In this work, we present the first examples of lab-scale lithium metal cells stable and safely operating with

PYRus*(TFSI'/FSI')-based protic ionic liquid (PIL) electrolytes, which is accomplished by the use of vinylene
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carbonate (VC) encompassed in the PlL-salt solution; exhibiting steady prolonged cycling performace at
ambient temperature with both LFP and, even more remarkably, with 4 V class NMC-based cathodes. All the
beneficial properties of PlLs, in terms of ease of synthesis and cost with respect to AlLs, have been matched,
with the remarkable outcome of enabling the use of the Li metal anodes, which is characterized by the
highest theoretical capacity and lowest electrochemical potential. The electrolytes under investigation,
comprised of N-butylpyrrolidinium-(TFSI7/FSI7) based PILs, (TFSI7/FSI") based lithium salts and vinylene
carbonate (VC) additive, have been tested in Li metal lab-scale cells assembled with LFP and NMC cathodes.
The use of VC ensured the formation of a protective layer at the interface between Li metal and the PIL-based
electrolytes as well as on the cathode at high anodic potentials, allowing the cells to deliver capacities
comparable to those achieved with their AlL-based counterparts.

For sure, to proper engineer the use of PILs with Li metal anode, improvements and optimization are needed,
as well as the thorough understanding of several mechanisms within the cell. The protective layer formation
and surface chemistry of the Li metal anode before and after cycling, the specific role of FSI~ or TFSI™ anions
as well as the interface with high-voltage cathodes; all need to be clarified. Nonetheless, in this work we are
demonstrating for the first time that it possible to successfully utilise PIL-based electrolytes also in lithium-
metal batteries, and such an initial proof-of-concept represents an important contribution for the realization
of cutting-edge, safer, high energy density lithium metal batteries to power next generation electric devices

to face the global energy/environmental challenge.
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