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Abstract: Sodium-conducting electrolytes, based on the EMIFSI, EMITFSI, N1114FSI, N1114TFSI,
N1114IM14, PIP13TFSI and PIP14TFSI ionic liquids, were investigated in terms of electrochemical
stability through voltammetry techniques with the aim of evaluating their feasibility in Na-ion
devices. Both the anodic and cathodic sides were studied. The effect of contaminants, such as water
and/or molecular oxygen, on the electrochemical robustness of the electrolytes was also investigated.
Preliminary cyclic voltammetry and charge-discharge tests were carried out in Na/hard carbon
and Na/«-NaMnO2 half cells using selected ionic liquid electrolytes. The results are presented and
discussed in the present paper.
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1. Introduction

Rechargeable alkali metal-ion batteries, especially lithium-ion batteries (LIBs), cur-
rently represent the most efficient electrochemical energy storage system [1-3]. After the
first commercialization in the 1990s, LIBs became the main high-power source for portable
electronics devices [4—6]. The worldwide energy demand is constantly increasing for large-
scale applications (i.e., electric vehicles (EVs) and stationary energy systems coupled to
renewable power plants) [7], but the limited abundance of lithium, followed by a rise in
the price of raw materials employed in LIBs [8-10], motivated the scientific community
to earnestly study alternative materials with similar characteristics. Sodium-ion batter-
ies (NIBs) are considered promising alternatives to LIBs [11,12] because of their much
larger resource availability, lower cost and the similarity in the redox potentials of Na
(2.71 V vs. H* /Hy) and Li. Furthermore, the sodium-based battery chemistry allows use of
an Al current collector, which is lighter and cheaper than Cu, thanks to the poor driving
force of the Na/Al alloy compared to the favourable thermodynamics in the Li/ Al case.

Similar to Li-ion devices, NIBs show safety problems strongly related to electri-
cal/thermal abuses and the chemical and electrochemical stability of the cell compo-
nents [13]. The use of volatile and flammable organic liquid electrolytes represent a severe
safety drawback. A strategy to overcome this issue is the replacement of the conventional
organic electrolytes with ionic liquids (ILs) (i.e., molten salts at room temperature or below)
due to their intriguing properties, such as flame retarding, negligible vapour pressure,
thermal-chemical-electrochemical stability and good ionic conductivity [14-16].

In previous work we demonstrated the excellent properties of sodium electrolyte
systems based on different IL families, in terms of ion transport properties and thermal
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stability, which has never been investigated for Na batteries until now [17]. The investi-
gated ILs were obtained by combining the 1-ethyl-3-methyl-imidazolium (EMI), trimethyl-
butyl-ammonium (N1114) and N-alkyl-N-methyl-piperidinium (PIP;4) cations with the
bis (fluorosulfonyl) imide (FSI), bis (trifluoromethylsulfonyl) imide (TFSI) and (nonafluo-
robutylsulfonyl) (trifluoromethylsulfonyl) imide (IM14) anions. Also, the IL materials were
studied in the presence of sodium salts.

In this paper we thoroughly investigated the electrochemical stability of the syn-
thetized IL electrolytes described above by voltammetry measurements, which has not
been reported in the literature until now. The effect of humidity on anodic stability was also
reported. Finally, preliminary cyclic voltammetry analysis and charge-discharge tests were
run in NIB electrodes as hard carbon (HC) anodes and in monocline sodium manganite
(x-NaMnO, (NMO)) as cathodes [18,19].

2. Experimental Procedure
2.1. Materials and Methods

The ionic liquids, 1-ethyl-3-methylimidazolium bis (fluorosulfonyl) imide (EMIFSI),
1-ethyl-3-methylimidazolium bis (trifluoromethylsulfonyl) imide (EMITFSI), N-trimethyl-
N-butyl-ammonium bis (fluorosulfonyl) imide (N1114FSI), N-trimethyl-N-butyl-ammonium
bis (trifluoromethylsulfonyl) imide (N1114TFSI), N-trimethyl-N-butyl-ammonium (nonafluo-
robutylsulfonyl) (trifluoromethylsulfonyl) imide (N1114IM14), N-methyl-N-propylpiperidinium
bis (trifluoromethylsulfonyl) imide (PIP13TFSI) and N-butyl-N-methylpiperidinium bis (tri-
fluoromethylsulfonyl) imide (PIP14TFSI), were synthetized and purified according to an
eco-friendly method, which has been described in detail elsewhere [17,20,21].

The Na-conducting electrolytes were prepared by dissolving the sodium salt, namely
NaClO4 (Merck KGaA, Darmstadt, Germany, >99 wt.%) and NaTFSI (3M, Saint Paul, MN,
USA, >99.9%), in the IL materials (NaX:IL mole ratio = 1:4) [17] by magnetic stirring for a
few hours.

The carbon-based working electrodes were prepared by mixing 70 wt.% Super C45
(IMERYS, Bodio, Switzerland) and 30 wt.% Na-carboxymethylcellulose (CMC, Dow Wolff
Cellulosics GmbH, Bomlitz, Germany) in deionized water. The obtained slurry was casted
onto aluminium foil (20 um thickness), and the aqueous solvent was allowed to extensively
evaporate at room temperature for 24 h (within an extractor hood). Then, disks with a
10 mm diameter (and 50 um thickness) were punched from the electrode tape and vacuum-
dried (using an oil-free pump) at 150 °C (in a glass oven) overnight.

The HC and NMO, prepared according to a methodology reported in detail else-
where [18,19], were punched as 10 mm diameter disks (supported on 20 um thick Al foil),
and then vacuum-dried at 120 °C overnight. The active material content is equal to 75 (HC)
and 80 (NMO) wt.%, with a mass loading around 1.0 (HC) and 2.0 (NMO) mg cm~2. This
corresponds to a capacity of 0.3 (HC, theoretical capacity equal to 300 mA h g~!) and
0.4 (NMO, theoretical capacity equal to 208 mA h g~!) mA cm 2.

Both the electrolyte and electrode materials, as well as the cell manufacturing, were
stored and handled in an Ar-filled dry box (Jacomex, Dagneux, France, O, and H,O
level < 1 ppm).

2.2. Electrochemical Measurements

The electrochemical stability window was investigated by voltammetry analysis on Na
metal cells, which were prepared using two-electrode Swagelok cells (diameter = 10 mm).
Two glass fibre (Whatman™, Maidstone, UK) disk separators, soaked with a 0.1NaClO4-
0.9IL electrolyte solution, were placed between a Na metal (American Elements, Los
Angeles, CA, USA) coin and a Pt° (Merck KGaA, Darmstadt, Germany), carbon or HC-
working electrode. Before sealing, the cells were subjected to a vacuum for 30 min to allow
complete loading of the working electrode and separator by the viscous IL electrolyte.

A preliminary study on anodic stability was conducted by linear sweep voltammetry
(LSV) on Na°® cells, using Pt as the working electrode to define the anodic voltage cut-off
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(i.e., 4.6 V), which was applied as the benchmark. The LSV was run from the open circuit
voltage (OCV) towards more positive voltage values at a scan rate of 1 mV s~!. Then,
cyclic voltammetry (CV) tests were run using carbon-based (Super C45) working electrodes
which allow much better simulation of the operative conditions in practical devices. The
CV measurements were carried out by consecutively scanning the cell voltage between the
OCV value and 4.6 V at a scan rate of 1 mV s~ 1.

The cathodic stability was investigated by CV analysis using HC as the working
electrode by consecutively scanning the cell voltage between the OCV value and 0.01 V at a
scan rate of 0.05 mV s~ 1.

Preliminary CV and cycling tests were performed in Na/HC and Na/NMO cells using
selected IL electrolyte formulations (i.e., 0.1NaTFSI-0.9EMIFSI and 0.1NaTFSI-0.9N1114FSI).
The cells were fabricated by sandwiching a sodium metal electrode coin (10 mm diameter),
a glass fibre separator and an HC (or NMO) electrode in T-shape (Na/HC cells) or 2032 coin-
type (Na/NMO) containers. The cells were kept under vacuum for 30 min to allow complete
loading of the IL electrolyte into the electrode and the separator. A sodium metal reference
electrode was used for the Na/HC cells subjected to cycling tests (i.e., the working electrode
potential was recorded with respect to the reference because of the Na® overvoltage) [18].

The electrochemical tests were carried out between the 0.01-2.2 V (Na/HC) and
2.0-3.8 V (Na/NMO) voltage ranges using a Biologic (Seyssinet-Pariset, France) multi-
channel battery system. CV and cycling measurements were performed at a 0.05 mV s~!
scan rate and 0.1 current rate, respectively.

3. Results and Discussion

All IL electrolytes show a moisture and halide content smaller than 2 and 5 ppm,
respectively [17]. The corresponding thermal and ion transport properties, reported in pre-
vious work [17], are summarized in Table 1. The TFSI-based electrolytes are more thermally
robust than the FSI ones. However, a thermal stability above 150 °C has been observed for
all electrolyte samples. A room temperature ionic conductivity ranging between 10~* and
1073 S cm~! has been recorded; in particular, the EMI and FSI electrolytes displayed the
highest conduction values. To summarize, the IL electrolyte formulations reported here are
relevant to the realization of safer and more reliable sodium battery systems and therefore,
their characterization was extended to an electrochemical stability investigation.

Table 1. Thermal stability and ionic conductivity (o) values of 0.1NaTFSI-0.9IL electrolytes. The data
are taken from ref. [17].

o/Scm1
Ionic Liquid Thermal Stability/°C
—20°C 20°C

EMIFSI 150 (1.1+£0.1) x 1073 (8.6 £0.5) x 1073
EMITFSI 275 (3.8+02) x107* (3.8+£02) x 1073
Ny114FSI 150 (2.8 +0.2) x10~7 (1.8 +0.1) x 1073
Ny114TFSI 225 (1.6 £ 0.1) x 1077 (53+£03) x 1074
Ni114IM14 225 (7.0 £0.4) x 1077 (82+05) x 107°
PIP;3TFSI 250 (5.6 +£0.3) x 1077 (5.0£0.3) x 10°*
PIP;4TFSI 225 (9.9 £ 0.5) x 1078 (31+02) x107*

3.1. Electrochemical Stability
3.1.1. Preliminary LSV Tests

The electrochemical stability window (ESW) of electrolytes is a crucial property to
evaluate their applicability in real devices. LSV tests have been carried out on Na/Pt cells
for the preliminary study of the anodic stability of each electrolyte formulation and the
determination of the anodic potential cut-off in the following analysis. The LSV-specific
current curves (normalized with respect to the geometric working electrode area) relative to
the cell voltage are shown in Figure 1. All samples exhibit an electrochemical stability above
4.5V vs. Na*/Na® backed up by a very low current flow (<5 pA cm™2) up to the anodic
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break down voltage; this is highlighted by a steep current increase due to the massive
degradation of the electrolyte at high voltages. A few IL samples show weak features
(i-e., not exceeding 10 pA cm~2) located from 2.0 to 3.0 V, which is probably ascribable
to the irreversible oxidation of minor contaminants at the platinum working electrode.
However, apart from this negligible electrochemical signal, no appreciable current increase
is observed up to the massive degradation of the electrolyte. The electrolytes containing
EMIFSI, N1114FSI, PIP13TFSI and PIP14TFSI as the ionic liquid are very stable up to about
5V (vs. Na*/Na®). Meanwhile, the LSV curve of the Nj;14IMj4 electrolyte does not
exhibit a sudden current increase but rather, a moderate raise around 5.3 V. This behavior,
previously observed in other IM14 ionic liquid electrolytes [22,23], is likely due to the ability
of the IMy4 anion species to form an insulating byproduct upon irreversible oxidation. The
accumulation of these insoluble degradation species likely leads to a resistive and less
electronically conductive passive layer on the working electrode surface. Based on LSV, a
cut-off voltage equal to 4.6 V was adopted for the subsequent CV tests.
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Figure 1. Current-voltage traces obtained through LSV tests run on Na/Pt cells containing EMI (panel
(A)), N1114" (panel (B)) and PIP;5* (panel (C)) electrolytes. Ionic liquid: LiClO4 mole ratio = 9:1. Scan
rate: 1 mV s~1. Temperature: 20 °C. The voltage values are referred to the Na*/Na® redox couple.
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3.1.2. Anodic Stability

The ESW of the sodium-conducting electrolytes has been investigated by cyclic voltam-
metry tests in anodic and cathodic regions. The anodic stability was evaluated using
carbon-based electrodes, in which the electrolytes are deliberately stressed up to 4.6 V in
order to evaluate their robustness under severe operative conditions. The results, reported
in Figure 2 as CV profiles, highlight a similar behavior for all investigated electrolytes. The
undesired current increase of 20-50 uA cm 2 observed starting from 3-3.5 V in the first
anodic scan (dotted traces), is limited to the first cycle as it disappears in the following
cycles, where the current values never exceed 10 pA cm ™2 up to 4.5 V. It is likely that
the initial raise in current is due to the irreversible oxidation of impurities which, in our
case, are fully degraded during the initial CV cycle despite their ability to catalyze the
electrolyte decomposition [14]. Overall, the very low current values recorded up to the
massive electrolyte degradation (mostly ascribable to the oxidation of the anion even if
the cation may play a role) [14], which were highlighted by the rise onset around 4.5V,
confirms the high purity level of the IL electrolytes. The anodic limit voltage values (EA),
taken when the current flow recorded during the CV measurements (Figure 2) achieves
10 (EA1) and 20 (EA;) pA cm ™2, are summarized in Table 2. All IL electrolytes show good
anodic stability well above 4 V vs. Na*/Na® (i.e., current values lower than 20 pA cm—?2
are detected up to 4.6 V in the second anodic scan), fully matching the requirement for
application in NIB systems. The electrolytes based on the EMI cation show current values
higher than those of the IL samples consisting of piperidinium and Njj14 cations and
containing an analogous anion (FSI or TESI), attributable (at least partially) to the greater
ionic conduction of 1-ethyl-3-methylimidazolium [17]. However, as previously reported
in the literature for similar types of ionic liquids [14], such behavior suggests that the
nature of the cation plays an active role in the electrochemical oxidation process, although
it is mainly attributable to the anion. Finally, voltametric measurements performed on
piperidinium-based electrolytes (PIP13TFSI, PIP14TFSI) suggest that the anodic stability
does not appear to be appreciably affected by the length of the alkyl side chain linked to
the cation. To summarize, the stability towards oxidation of the investigated IL electrolytes
follows the sequence TFSI > IMy4 > FSI, in agreement with the results reported in the
literature [23-25].
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Figure 2. Current-voltage profiles obtained by anodic CV measurements run on Na/C cells containing
different 0.1NaClOy4-0.9IL electrolytes (panels from (A-G)). Scan rate: 1 mV s1, Temperature: 20 °C.
The voltage values are referred to the Na* /Na® redox couple.

Table 2. Anodic voltage values (EA) determined by the CV measurements (reported in Figure 2) run
on 0.1NaClOy4-0.91IL electrolytes at 20 °C. The voltage, referred to the Na*/Na® redox couple, were
taken when the current density through the cell reached 0.01 (EA;) and 0.02 (EA;) mA cm 2 during
the 1st and 2nd anodic scan, respectively. The error bar is equal to 0.001 V.

Electrolyte Sample EA4 EA, EA4 EA,
0.9EMIFSI:0.1NaClOy4 3.984 4.142 4.311 4.589
0.9EMITFSI:0.1NaClO4 3.453 3.789 3.166 4.093
0.9N1114FSL:0.1NaClOy4 4.092 4.372 4514 >4.6
0.9N1114TFSI:0.1NaClO4 4.464 >4.6 >4.8 >4.6
0.9N1114IM4:0.1NaCIO4 4.381 >4.6 4.598 >4.6
0.9PIP13TFSL:0.1NaClO4 3.947 >4.6 4.479 >4.6
0.9PIP14TFSI:0.1NaClO4 3.248 3.489 4.212 >4.6

3.1.3. Effect of Contaminants on the Anodic Stability

The effect of the moisture content on the anodic stability of the IL electrolytes was
investigated by means of CV measurements (Figure 3) performed on a selected sample
(i.e., 0.1 NaClO4-0.9 EMITESI), which had been previously exposed to the external atmo-
sphere. The adsorbed moisture content was estimated around 200-300 ppm by Karl-Fisher
coulomb-metric titrations. Comparing these results with those obtained on the analogous
anhydrous (<2 ppm moisture) electrolyte (Figure 2), a current increase of about one order
of magnitude is observed up to the fourth CV cycle with a decrease in the subsequent ones
(Figure 3A). A similar behaviour is observed even if the voltametric measurements are
run up to lower cut-off voltages (i.e., 4.2 (Figure 3B) and 4.0 V (Figure 3C)), despite the
current value throughout the cell being significantly reduced. Therefore, the increase in
current recorded in the initial cycles is attributable to the presence of humidity and/or
molecular oxygen, which are both able to catalyse the degradation processes (oxidation) of
the electrolyte and result in a decrease in electrochemical stability. Conversely, the decrease
in the current value, recorded after a few voltametric cycles, is probably ascribable to the
formation of an electronically insulating passive layer on the working electrode. These
experimental findings, also reported in the literature for other ionic liquids [26,27], clearly
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show how the presence of impurities (such as humidity and/or oxygen) can negatively
affect the properties of electrolytes, particularly with regard to electrochemical stability.
Further investigation is in progress in our laboratories to promote better understanding of
this issue.
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Figure 3. Current-voltage profiles obtained by anodic CV measurements run on Na/0.9EMITFSI-
0.1NaClOy /C cells in the presence of moisture contaminations at different anodic cut-offs: 4.6 V
(panel (A)), 4.2 V (panel (B)) and 4.0 V (panel (C)). Scan rate: 1 mV s~ 1. Temperature: 20 °C. The
voltage values are referred to the Na*/Na® redox couple.

3.1.4. Cathodic Stability

The electrochemical stability towards reduction was investigated by cyclic voltam-
metry (Figure 4) in the cathodic range on HC-working electrodes capable of reversibly
intercalating sodium ions [18]. The CV measurements were carried out at a scan rate
(0.05 mV s~1) considerably lower than the anodic ones (1 mV s~!) in order to promote the
intercalation (de-intercalation) processes of sodium ions which, in cases of higher rates,
may be hindered by kinetics. The FSI-based electrolytes (Figure 4A,E) show a large feature
around 1 V that is present in the first cathode scan but absent in the following cycles and,
therefore, is attributable to the formation of passive SEI constituted by the products coming
from the electrolyte degradation [28-30] on the working electrode. Once formed, the SEI
allows the reversible intercalation/de-intercalation of the Na* cations [18]. The reversibility
of the sodium intercalation process in the HC-working electrode is further highlighted by
composite peaks that appear constant when cycling at about 0.5-0.6 V in the cathode scans,
whereas a symmetric feature around 0.6-0.7 V is observed in the anode scans. No feature re-
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lated to the IL electrolyte reduction is observed up to 0.01 V, clearly showing the possibility
of reversibly intercalating sodium cations. This avoids irreversible degradation phenomena
of the electrolyte components, indicating how the FSI anion can form optimal interphases
even on sodium-intercalating electrodes. For instance, the ability of the FSI anion to form
optimal protective films on LIB anodes, such as lithium metal, graphite and silicon, is
widely reported in the literature [14]. Conversely, the electrolyte formulations containing
the TFSI (Figure 4B-D,F) and IMy4 (Figure 4G) anions do not exhibit any significant profile
attributable to the intercalation process of Na* ions within the HC electrode. The samples
containing the ionic liquids EMITFSI (Figure 4B) and Ny114TFSI (Figure 4F) show a clear
profile around 0.5 V in the first cathode scan due to the formation of a passive film, while
the subsequent anodic scan shows an even broader peak (in particular, EMITFSI) at about
1.5 V. However, this is more likely due to the oxidative processes catalysed by degradation
products of the electrolyte, rather than the de-intercalation of sodium. Poor electrochemical
activity is observed in the subsequent cycles. This behaviour may be due to the poor ability
of the TFSI and IMy4 anions to form stable, passive films on anodic active materials, as
previously observed in lithium batteries [14]. Overall, almost negligible cathodic currents
were measured using these IL electrolytes down to 0.01 V vs. Na*/Na, proving the strong
electrochemical robustness towards reduction. To summarize, the anodic and cathodic CV
measurements indicate a large electrochemical stability window up to 4.5 V and down to
0.01 V vs. Na for IL-based sodium-ion electrolytes.

3.2. Preliminary Test in Na Half Cells

The EMIFSI and Ny114FSI electrolytes both show an electrochemical stability window
extending from 0.1 to 4.5 V vs. Na*/Na®, which is highly appealing for NIB systems.
These electrolytes are also able to support the reversible intercalation of sodium ions in
HC electrodes. Thanks to these features, both electrolyte formulations were selected for
preliminary tests in Na/HC and Na/NMO half cells. The NaTFSI salt was preferable to
NaClOjy in these tests in light of the unrealistic use of perchlorate-based solution in com-
mercial electrolytes. In Figure 5, the CV test results of Na/HC (Figure 5A) and Na/NMO
(Figure 5B) cells are shown. A large irreversible feature around 0.6 V vs. Na*/Na® is
observed in the first cathodic scan of the hard carbon electrodes (Figure 5A) due to the SEI
formation. HC electrodes exhibit a two-step storage mechanism: the first one is related to
the sodium-ion intercalation into graphene layers above 200 mV (vs. Na*/Na®) and the
second one is associated with the sodium insertion into micropores formed by the pseudo-
graphitic domains with an oxidation state close to that of Na metal, which is detected below
200 mV [31-34]. The reversibility of the Na* intercalation process is highlighted by the
presence of two well-evidenced features around 0.15 and 0.7 V in the following anodic
scan for both electrolytes. The first CV profile of NMO cathodes (displayed in Figure 5B)
shows several features in both the anodic and cathodic scans, which is in line with the ex-
pected multi-stage de-sodiation/sodiation mechanism for this material [19,35]. As already
described in the literature [35], the monoclinic x-NaMnO, shows eight different oxidation
peaks during the de-sodiation process, which are located at 2.59 V, 2.63V,2.73V,2.80 V,
297V,3.14 V, 3.48 V and 3.59 V. Whereas, the sodiation process involves five reduction
peaks centered at 2.47 V, 2.62 'V, 2.87 V, 3.08 V and 3.45 V. Nevertheless, the voltammograms
of Figure 5B show only five separated peaks.
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Figure 4. Current-voltage profiles obtained by cathodic CV measurements run on Na/HC cells
containing different 0.1NaClO4-0.9IL electrolytes (panels from (A-G)). Scan rate: 0.05 mV s™L.
Temperature: 20 °C. The voltage values are based on the Na* /Na® redox couple.
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Figure 5. Current-voltage profile related to the 1st CV cycle of Na/HC (panel (A)) and Na/NMO
(panel (B)) cells containing the 0.1NaTFSI-0.9EMIFSI (solid traces) and 0.1NaTFSI-0.9N1114FSI (dotted
traces) electrolytes. Scan rate: 0.05 mV s~ 1. Temperature: 20 °C. The voltage values are referred to

the Na* /Na® redox couple.
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The cells containing the N1114FSI electrolyte (dotted traces) display a larger area under
the CV profiles for both HC and NMO electrodes, supporting the greater reversibility of the
electrochemical intercalation processes. No appreciable decomposition process is observed,
so it can be concluded that these electrolytes are stable towards the electrode chemistries.

A preliminary evaluation of the electrochemical performance of HC (Figure 6A)
and NMO (Figure 6B) electrodes in 0.1NaTFSI-0.9EMIFSI (solid traces) and 0.1NaTFSI-
0.9N1114FSI (dotted traces) is reported in Figure 6, in terms of the initial voltage-capacity
profile obtained at a 0.1C current rate. According to the CV results (Figure 5), the hard
carbon electrode displays a two-step sodium incorporation process [18,31,36]: (i) a reduced
pseudo-plateau around 0.10-0.15 V related to the sodium adsorption into the porosity of the
structurally disordered carbonaceous material and (ii) a sloping curve at higher voltages,
which accounts for the Na* intercalation into pseudo-graphitic regions. During the first
discharge, an irreversible capacity related to the SEI formation [34] is observed, namely 335
and 270 mA h g’1 for the EMIFSI and N1114FSI cells, respectively, which corresponds to a
coulombic efficiency value of 27 (EMIFSI) and 39 (N1114FSI) %. The HC electrode is found
to deliver an initial reversible capacity of 126 and 174 mA h g_1 in EMIFSI and N7114FSI
electrolytes, respectively. These results are comparable with those obtained in organic
standard electrolytes (i.e., 1 M NaTFSI in propylene carbonate with 3 wt.% fluoroethylene
carbonate as an additive [18]).

25 4.0
Na/NMO
2.0
E 3.5
=
m
Q154
£ 3.0 <
S —— 0.1NaTFSI-0.9EMIFSI ] i
2 1.04 —ees 0.1NaTFSI-0.9N FSI —— 0.1NaTFSI-0.9EMIFSI
o s : D,1NaTFS\-09N”MFSI
(@]
2.5
0.5
0.0~ . . == 204 ‘ ; - ;
0 100 200 300 400 500 0 50 100 150 200 250

Specific capacity /mAh g’ Specific capacity / mA h g

Figure 6. Voltage-capacity profile related to the first charge-discharge cycle of Na/HC (panel (A))
and Na/NMO (panel (B)) cells containing the 0.1NaTFSI-0.9EMIFSI (solid traces) and 0.1NaTFSI-
0.9N1114FSI (dotted traces) electrolytes. Current rate: 0.1C. Temperature: 20 °C. The voltage values
are based on the Na*/Na® redox couple.

The first charge-discharge voltage-capacity curve of the NMO electrodes is plotted in
Figure 6B, which shows five plateaus (in both electrolyte formulations) corresponding to
different phase transitions during the reversible Na* intercalation process. This finding
is in good agreement with the voltammetry results (Figure 5). An initial charge capacity
around 190 mA h g~ ! is observed for both IL electrolytes, corresponding to over 91% of the
theoretical value of 208 mA h g~! (i.e., 0.85 Na equivalent), as determined by Brutti and
colleagues in monoclinic x-NaMnO, [19]. However, a larger reversible capacity exceeding
160 mA h g~ ! (vs. about 140 mA h g~ ! in 0.1NaTFSI-0.9EMIFSI) is delivered in 0.1NaTFSI-
0.9N1114FSI electrolytes, leading to higher initial coulombic efficiency (i.e., 83 (IN1114FSI) vs.
73 (EMIFSI) %). These values are higher than those recorded in organic electrolyte solu-
tions [18,19,32,34-36], making the EMIFSI and N1114FSI electrolyte formulations appealing
for the realization of safer and more reliable sodium-ion battery systems.

4. Conclusions

The electrochemical stability of different sodium-conducting electrolyte families, based
on the EMIFSI, EMITFSI, N1114FSI, N1114TFSI, N1114IM14, PIP13TFSI and PIP14TFSI ionic
liquids, was investigated through voltammetry techniques with the aim of evaluating their
feasibility in Na-ion devices. All IL electrolytes were found to be electrochemically stable
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within the 0.1-4.5 V (vs. Na*/Na®) voltage range, which was considered to be of particular
interest for sodium battery systems. Moreover, EMIFSI and N1114FSI electrolytes allow the
reversible sodium intercalation without any degradation process charged to the electrolyte,
likely due to a stable SEI layer promoted by the FSI anion. The presence of impurities, such
as water and/or oxygen, is able to negatively affect the electrochemical performance of the
IL electrolytes. Preliminary electrochemical investigations, run through cyclic voltammetry
and charge-discharge measurements, have shown good compatibility between the EMIFSI
and Nj114FSI electrolytes and hard carbon anodes and «-NaMnO; cathodes, matching
and/or overcoming the performance obtained in standard organic solutions. Therefore,
EMIFSI- and Nj114FSI-based electrolytes are of interest for the realization of highly safe,
reliable and advanced sodium-ion electrochemical energy storage devices, which will be
addressed in further studies.
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