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ABSTRACT  

Sodium ion batteries (SIB) market are limited by their gravimetric and volumetric energies and 

therefore, search of high voltage redox couples combined with suitable electrolytes is nowadays 

mandatory. Ionic liquids can bring advantageous properties to SIB, particularly from a safe point 

of view, but are still quite expensive. In this pioneering work, we explore the use of small 

amounts of 1-ethyl-3-methylimidazolium bis(fluoromethanesulfonyl)imide (EMImFSI) ionic 

liquid in the electrolyte formulation, either as an additive (2% in weight ratio to a binary mixture 

of ethylene carbonate (EC)/propylene carbonate (PC)) or as co-solvent (10% in weight ratio). 

Results are compared to electrolytes containing classical SIB additive fluoro-ethylenecarbonate 

(FEC). Physicochemical properties of the electrolytes prepared with NaClO4, NaPF6 and NaFSI 

are differently influenced by the EMImFSI additive, which contributes with ionic species to the 

electrolyte ionic conductivity but increases its viscosity. Extension of the sodium 

plating/stripping is higher for more dissociated salt in un-doped electrolytes. Introduction of 

EMImFSI results in the occurrence of a SEI that hinders the plating except for the 10% 

EMImFSI-NaFSI based electrolyte. Electrochemical cycling of a hard carbon electrode reveals 

that FSI- anion, mainly coming from the added ionic liquid, can introduce new peaks in the 

cyclic voltammetry or new steps in the galvanostatic discharge. The products of such degradation 

create an interface which determines the cycling properties. The complex picture of the interplay 

between sodium salt anion and EMImFSI presence and amount is not completely described in 

this work. However, it is clear that EMImFSI introduces initially a larger polarization in the 

discharge/charge curves and that only added to the NaPF6 system help to stabilize the coulombic 

efficiency and gain in capacity (+50%). EMImFSI has not beneficial effect on the NaClO4-based 

formulations and the initial positive effect on the sodium half cells cycled in NaFSI-based 
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electrolytes is cancelled after 25 cycles. Microscopy examinations on cycled electrodes reveal 

that coulombic efficiency and thus capacity retention are associated to a protective film 

completely recovering the hard carbon particles without modifying the pristine shape. This is the 

case for electrodes tested with un-doped NaClO4 and EMImFSI-NaPF6 electrolytes. Our results 

also show that compared with EMImFSI, FEC added in 2% weight ratio content provides much 

better or similar electrochemical performances at a lower price. 

 

KEYWORDS: Sodium ion batteries, additive, ionic liquids, EMImFSI, hard carbon 

performance, solid electrolyte interface 
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1. Introduction 

Nowadays, sodium ion batteries (SIB) are an alternative to lithium ion batteries (LIB) due to the 

high cost of lithium and its forecasted penury in a few decades [1-9]. However, sodium is a 

heavier atom than lithium and shows a more positive redox potential. Therefore, gravimetric 

capacities and energies are smaller for SIB than for LIB, preventing a realistic implementation of 

the SIB technology at short term. Even if expensive copper collectors used in LIB can be 

substituted by lighter and cheaper aluminum collectors, some studies have shown that for an 

attractive industrial point of view, SIB energy should be increased. This increase relies on 

positive electrode/negative electrode couples with high voltage difference [5] combined with 

electrolytic media with adequate electrochemical and chemical stability. As a consequence, deep 

studies have been devoted to the research on electrolytes for sodium ion batteries [10-12] and 

some worthy reviews shed light on this aspect of the battery formulation [13-16].  

As for other technologies, SIB electrolytes require solvents with wide range of liquid 

temperature, high value of dielectric constant εr, low desolvatation energy, low viscosity, 

chemical stability against electrode material, wide electrochemical window (EW) and ability to 

build stable and suitable solid electrolyte interface [2-4,6,10-13,15,17-24,26-29]. Cyclic and 

linear carbonates, especially propylene carbonate (PC), ethylene carbonate (EC), dimethyl 

carbonate (DMC), diethyl carbonate (DEC) [2-4,9-30,] as well esters as tetrahydrofurane (THF) 

[3-4,9,10,13-15,17] and glymes [3-4,9,10,13-15,17] have been proposed as solvents for 

electrolytes. By comparison with lithium counterparts, NaClO4, NaBF4 and NaPF6 and more 

complex salts were employed [2-4,9-30]. Additives have also been a source of improvement of 

electrolytes for SIB. They are chosen for its ability to create a solid electrolyte interface (SEI) on 

the negative electrode, which passivates it and allows capacity retention upon cycling. From 

different studies, fluoroethylene carbonate is the most advantageous additive [2-4,9,14-15,17-

19,23-27,29] although it introduces cell polarization [17,30].  

Recently, ionic liquids (IL) have been proposed as alternative electrolytes for sodium ion 

batteries due to advantageous properties including negligible vapor pressure, non-flammability, 

high thermal stability, high ionic conductivity, wide operating temperature range and EW as well 

a large solubility of organic and inorganic compounds [9-17,31]. Low degradation of IL in a 

battery leads to an increased long term cycling [17]. The groups of Hagiwara [32-42], Forsythe 
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[43-47], Wang [48-50], Palacín [51,52], Rojo [47,53,54] and Passerini [12,55,56] have been very 

active in using this new kind of electrolytes. From literature, the most widely employed ILs in 

SIB are based on pyrrolidinium cations, especially N-methyl-N-propylpyrrolidinium (named 

PYR13, PMP or C3mpyr) and N-methyl-N-butylpyrrolidinium (called PYR14, BMP or C4mpyr) 

[12,28,31,34,35,37-41,43-50,52-54,56], or imidazolium cations (as 1-ethyl-3-

methylimidazolium, EMIm or 1-butyl-3-methylimidazolium BMIm) [51,52,57]. Anions are 

basically bis(trifluoromethanesulfonyl)imide (abbreviated by TFSI, TFSA or NTf2) or 

bis(fluoromethanesulfonyl)imide (abbreviated by FSI, FSA or Nf2). Tables 1 and 2 collect 

several of the IL studies on both, sodium ion and sodium half cells but does not intend to be 

exhaustive. In addition, the low solubility of transition metals in IL accounts for an unusual 

stability of high voltage cathodes in these electrolytes [55].  

Despite their clear interest, especially from a safe point of view, IL implementation in SIB 

devices shows two major drawbacks from i) their high cost, not competitive with classical 

organic electrolytes and ii) a very high viscosity when a sodium salt is added, penalizing the 

device performance at fast regimes [46,51,52]. Therefore, the potential employ of IL not as sole 

solvent for the electrolyte but as a co-solvent, or even as additive for more fluidic solvents, is 

questioned. In this sense, two important reports by Forsyth et al. [46] and Palacín et al. [52] are 

devoted to the use of mixtures of IL (PYR13FSI [46], PYR13TFSI, EMImTFSI, BMImTFSI [52]) 

with classical organic solvents. From both, it is concluded that IL added in a small content to, for 

instance, EC, ensures electrode safety improvement but does not affect positively the electrode 

performance. 
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Table 1. Deep eutectic and pyridinium based IL applied in SIB studies. AC= activated carbon. 

Ionic liquid Salt, concentration System T(K) Ref 

NaFSI-

KFSI 

 

Molar ratio NaFSI/KFSI = 0.56/0.44 

Na/NaCrO2 353 32,42 

Na/Sn 363 33,42 

PYR13FSI 

NaFSI 2/8 

 

Na/NaCrO2 293-363 34,37,39,42 

HC/NaCrO2 283-363 40,42 

Na/C-Na2Ti3O7 363 41,42 

NaFSI 0-60% mole ratio - Wide 38 

NaFSI 0-0.5 molar fraction Na/Na 298 45 

NaFSI(> 0.5 molar fraction) 

 

Na/HC 363 35 

NaFSI (55 mol% Na) + 30% EC Na/Na3V2(PO4)3 298 46 

NaFSI: PYR13FSI (2:8 molar) Na/Al, Na/ NaFe0.4Ni0.3Ti0.3O2 328 54 

NaFSI 1M Na/HC, Na/Na0.44MnO2, Na/NaFePO4, HC/Na0.44MnO2 298 50 

NaTFSI 0.25-1.35 mol·kg-1 Ag/Ni 298 44 

PYR14FSI NaTFSI 0.45M Na/Na0.45Ni0.22Co0.11Mn0.66O2 293 55 
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PYR13TFSI NaTFSI 0.8M Na/Al 283-313 52 

PYR14TFSI 

NaTFSI 0.1-0.5M Na/Ni 298-343 43 

NaTFSI 0-0.2 molar fraction - 293-363 31 

NaTFSI 1M Na/ortho-Na0.44MnO2 298 49 

NaTFSI 0.2M Na/P2-Na0.6Ni0.22Fe0.11Mn0.66O2 , Na/Sb-C, full cell 298 56 

NaTFSI 0.3M AC/Na3V2(PO4)3, AC/Na0.67Mn0.89Mg0.11O2 313 77 

NaClO4 1M, NaPF6 1M, NaBF4 1M, NaN(CN)2 

1M 
NaFePO4 348 48 

PYRH4TFSI NaTFSI 1M AC/Na3V2(PO4)3, AC/Na0.67Mn0.89Mg0.11O2 313 77 
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Table 2. Selected Imidazolium based IL for SIB and LIB studies. EMIm = 1-ethyl-3-methylimidazolium, BMIm=1-butyl-3-

methylimidazolium. 

Ionic liquid Salt or co-solvent System T(K) Conductivity (mS·cm-1) Viscosity (cP) Density (g·cm-3) Ref 

EMImTFSI NaTFSI 0.3-0.4M Na/HC 303 3.9-5.3 38.94-59.37 1.53-1.56 51 

BMImTFSI NaTFSI 0.8 M, EC,PC Na/HC 303 3.5-10 57.45-81.25 1.37-1.48 51,52 

EMImFSI NaFSI (0<x<0.5) Na/Cu, Na/Al 298 5.4  78  1.561 36 

EMImBF4 NaBF4 0.1-0.75M Na/Pt 303 11.8-14.3 - - 57 

EMImFSI 

LiFSI 1.2M Li/Si  r.t. -  - - 59 

LiFSI 1M 
Li/Ni-Sn-Si-Al-C 

composite 
298 10.60 32.73 1.495 61 

LiTFSI 0.8M Li/Graphite r.t. -  - - 62 
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In this work, we formulated nine electrolytes based on 1M solutions of NaClO4, NaPF6, and 

NaFSI salts in EC/PC/EMImFSI mixtures with a weight ratio 50/50/0, 49/49/2 and 45/45/10. 

Choice of EC/PC as baseline electrolyte comes from different results showing a wide 

electrochemical widow, reversible Na plating/stripping, sodium storage in HC with high 

coulombic efficiency and suitable thermal safety and stable SEI [9-17,21,26,52]. EMImFSI was 

selected as IL because its high cost has limited the literature for SIB purposes [36]. Unlike, FSI- 

anion has been studied widely in SIB [28,32-42,46,50,53-55] and creates a SEI in LIB and SIB 

able to capture SO2 derived from its degradation [28,58-60]. Thus, the LiFSI/EMImFSI or 

LiTFSI/EMImFSI combinations are known to show advantageous cycling properties for LIB 

negative electrodes as silicon [59], silicon-based composites [61] and graphite [62]. In addition, 

FSI- anion stabilizes the aluminum collector [34,58]. Finally, the mixtures of EMImFSI/organic 

solvent have not been exhaustively studied earlier, at the best of our knowledge. 

After physicochemical characterization of the nine electrolytes prepared at 298K, sodium 

plating/stripping from the electrolytes is discussed as well the electrochemical performance of 

hard carbon (HC) in sodium half-cells by using cyclic voltammetry and galvanostatic titration. 

The results are compared with those obtained with classic FEC additive, added in a 2% weight 

ratio to the baseline electrolyte [25,26]. We present here relevant information about the role of 

EMImFSI on increasing or decreasing the hard carbon negative electrode performance 

depending on its content in a ternary solvent mixture and on the sodium salt anion. Improvement 

in hard carbon electrochemical performance is limited to formulations containing NaPF6, but can 

be as high as a gain in a 50% of capacity. In the case of NaFSI, the positive influence of 

EMImFSI as co-solvent is cancelled after 25 cycles. For the NaClO4-based electrolytes, 

EMImFSI addition is not beneficial. The different behavior for each electrolyte formulation is 

related mainly to the SEI formed onto the electrode hard carbon particles. We show that, except 

for the EMImFSI-NaFSI-based electrolytes, the best electrochemical characteristics correspond 

to stable SEI recovering the hard carbon particles. This corresponds to electrodes cycled in un-

doped NaClO4 or EMImFSI-doped NaPF6 electrolytes. Finally we demonstrate that EMImFSI is 

only competitive against FEC in the latter case, the EMImFSI-based electrolytes providing stable 

capacities close to 150 mAh·g-1.   
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2. Experimental. 

 

2.1. Preparation of hard carbon 

Hard carbon was prepared by treating a few grams of cellulose (Aldrich, pure) in an oven at 453 

K for 12h and subsequently heating at 1173 K under an argon atmosphere for 8 h.  

2.2. Physicochemical characterizations 

Powdered hard carbon was analyzed by X-rays diffraction (XRD) with a Phillips X’PERT MPD 

diffractometer equipped with a Cu-Kα source instrument in the 5-70° 2θ range. Scanning 

electron micrography (SEM) images of the pristine hard carbon and the electrodes were obtained 

with a Champ Field Zeiss Ultra Plus Microscope working at 3 kV. Electrodes were observed by 

SEM after washing three times in the glovebox with 1 mL portions of DMC. Raman spectra 

were collected in the 900-1800 cm-1 Raman shift range through a LABRAM HR Evolution by 

Horiba. N2 adsorption at 77 K and CO2 sorption at 273 K were conducted in a Quadrasorb 

(Quantachrome, USA). Prior to the measurements, the samples were outgassed at 393 K for 12 h 

under vacuum. The specific surface area was determined from the N2 adsorption isotherm using 

the Brunauer−Emmett−Teller (BET) equation. The micropores volume was determined by the 

non-local density functional theory (NLDFT) method with a slit-shaped pore model applied to 

the N2 adsorption data. 

 

2.3. Preparation of the electrode mixture 

Electrode mixture was prepared by mixing the hard carbon, sodium carboxy-methylcellulose, 

NaCMC (Aldrich, pure) as a binder and Super P carbon black (Timcal) as a conductive additive. 

Firstly, NaCMC is dissolved in 0.7 mL of deionized water. Then, carbons are added to the 

solution, respecting an 80/10/10 w/w/w ratio of HC/Super P/NaCMC. After stirring for 2 h, the 

obtained slurry is casted onto 0.05 mm thick aluminium foil (Goodfellows, 98%) and dried at 

338 K in air overnight. Disks of ϕ=10 mm were subsequently cut to constitute the working 

electrodes. 
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2.4.  Preparation of the electrolytes 

Electrolytic solutions were prepared and stored in an M-Braun glove box containing an argon 

atmosphere, with oxygen and water contents below 10 ppm and 0.1 ppm, respectively. Ethylene 

carbonate (Sigma Aldrich,99%) and propylene carbonate (Sigma Aldrich,99.7%) were dried over 

molecular sieve (Chem.Genes) for at least 24 hours before the preparations. EMImFSI 

(Solvionic,99.9%,) was used as received. The solvent mixtures were prepared by weighing the 

different components according a weight ratio 50/50/0, 49/49/2 and 45/45/10 

(EC/PC/EMImFSI). Then, the salt was added to such mixtures to give 1M solutions that are 

stored at the glove box. Sodium salts were NaClO4 (Fluorochem, 98%), NaPF6 (Fluorochem, 

98%) and NaFSI (Solvionic, 99.7%). Water content in the resulting solutions was checked 

through the Karl Fischer technique, being found to be below 50 ppm. All the preparations were 

carried out at 293K. 

2.5. Electrochemical tests 

All the tests were carried out at least three times and monitored either in MPEG2 or VMP3 

Biologic apparatus. The cells were built in the MBraun glove box. Sodium plating/stripping is 

conducted through cyclic voltammetry (CV) on two electrodes swagelock cells with aluminium 

foil disk (ϕ=10 mm) as working electrode and sodium (Sigma Aldrich, 99.9%) as counter and 

reference electrode. Cercles (ϕ=12 mm) of Whatman GF/A separator were imbibed with 180 µL 

of the electrolyte. Imposed voltage limits are -0.2 V and 0.5 V vs Na/Na+ and voltage steps were 

50 µV·s-1. 

 

CV and galvanostatic tests were conducted on two electrode swagelock cells with HC-based 

electrode as working electrode and sodium as counter and reference electrode. CV was carried 

out in the 3 mV-1.5 V vs Na/Na+ voltage limits with voltage steps of 50 µVs-1. Then, a constant 

current of 20 mA·g-1 (per gram of hard carbon) was applied on the electrode for the first five 

galvanostatic tests, continued by cycling at 20 mA·g-1. Galvanostatic cycling was conducted in 

the same voltage limits used for CV. Desodiation capacity discussion is preferentially proposed 

in this work. All the electrochemical tests were conducted at 293 K. 
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3. Results and discussion 

 

3.1. Hard carbon material characterization 

XRD pattern corresponding to the hard carbon electrode contains two peaks associated to the 

[002] and [100] plans located at 2θ= 23.07 and 43.71°. From the XRD results, Lc and La were 

estimated to be 0.8 nm and 4.92 nm, respectively. Raman spectrum features D (1342.5 cm-1) and 

G (1598.5 cm-1) bands yielding a value of L equal to 6.1 nm. SEM micrographs indicate that the 

particles are smooth particle conglomerates. Hard carbon has a SBET of 508 m2·g-1 and a 

micropore volume of 0.21 cm3·g-1.  

3.2. Physicochemical properties of  the electrolytes prepared 

Table III collects some of the physicochemical parameters (viscosity (η), conductivity (σ), 

density (ρ)) of the nine electrolytes prepared in this work in addition to those containing 2% of 

FEC at 298 K. Conductivity values in absence of EMImFSI agree with reported values for EC-

based mixtures with PC [10]. Indeed, addition of EMImFSI, more viscous (24.5 mPa·s-1) than 

the EC/PC mixture, results in an increase of the EC/PC/EMImFSI viscosity with increasing 

amount of EMImFSI.  

Another important parameter is ionic conductivity measured at 298 K. Due to the ionicity of 

EMImFSI, a larger content of EMImFSI in the EC/PC/EMImFSI mixture enhances the intrinsic 

conductivity of the electrolytic mixture. It is noteworthy that NaFSI-based solutions ionic 

conductivities are larger compared with the NaClO4 and NaPF6-based electrolytes. Addition of 

EMImFSI in a 10% content, provides ionic conductivities close to 10 mS·cm-1, which 

correspond to an increase of 23-39% from un-doped EC/PC mixture and are close to that of that 

of the r.t. working electrolyte 0.1M NaBF4 in EMImBF4 [57]. Therefore, addition of EMImFSI is 

not penalizing the conductive properties of the electrolyte. Besides, one can observe that due to 

the fact that PF6
- anion is less polarizable than ClO4

- anion, the NaPF6-based electrolytes are in 

general more conductive [10,11]. 
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Table 3. Physicochemical parameters (conductivity, viscosity, density) of the electrolytes prepared at 293K and adjustable parameters 

of VTF equation for viscosity and conductivity. 

Electrolyte salt 

 

Additive % w/w 
σ 

(mS·cm-1) 

η 

(mPa·s-1) 

ρ 

(g·cm-3) 

ln σ0 

 

Εσ  

(kJ.mol-1) 

T0,σ (K)  
-ln η0 

 

Εη  

(kJ.mol-1) 

 T0,η (K) 

NaClO4  0 7.57 6.27 1.33 5.24 3.70 160  1.58 3.51  174 

 

EMImFSI 

2 7.86 6.31 1.33 5.04 3.19 169  1.28 2.88  187 

 10 10.60 7.24 1.35 5.98 4.83 138  1.14 3.00  182 

 FEC 2 8.66 6.25 1.33 5.04 3.03 172  1.55 3.46  175 

NaPF6  0 7.92 6.04 1.35 4.16 1.42 216  1.51 3.35  176 

 

EMImFSI 

2 8.29 6.16 1.35 4.27 1.50 214  1.47 3.28  178 

 10 9.77 6.55 1.35 4.67 1.84 205  1.54 3.47  176 

 FEC 2 7.97 6.03 1.35 4.63 2.25 192  1.54 3.41  175 

NaFSI  0 8.54 5.80 1.34 5.44 3.99 153  1.47 3.30  175 

 

EMImFSI 

2 8.33 5.94 1.36 6.09 5.60 129  1.44 3.24  177 

 10 10.78 6.48 1.36 5.80 4.24 150  1.16 2.72  190 

 FEC 2 8.75 5.80 1.34 5.87 4.87 141  1.47 3.30  175 
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The variations of ln(σ) and ln (η) with the inverse of temperature T are shown on Figures 1, 2 

and 3 respectively for the electrolytic solutions 1M NaX (X = ClO4, FSI, PF6) in EC:PC. All the 

ln(σ) vs. 1/T plots have a curved profile and cannot be correlated by the Arrhenius equation. 

Thus, the ionic transport process involving intermolecular hopping described by the Arrhenius 

equation is not valid for such systems. We have then applied another model of ion transport 

involving the mobility of the solvent molecules and depending on the free volume of the solvent, 

described by the Vogel-Tamman-Fulcher (VTF) equation [63-65]: 

σ = σ0.exp(-Eσ/(T-T0)) [Eq. 1] 

where σ0, Eσ and T0 are adjustable parameters: σ0 is generally considered as the number of 

charge carriers in the electrolyte system, Eσ is often considered as a pseudo-activation energy for 

ion transport and T0 corresponds to the temperature at which ionic conductivity disappears. This 

temperature  can be related to the glass transition temperature Tg value (determined from DSC 

analysis) whose value is in the 293-323 K range above T0 or around 1.3 T0 [66]. The 

conductivity plots [Figures 1b, 2b and 3b] correlate with a value of R2 comprised between 0.997 

and 1.000. The VTF model can also be applied to the viscosity plots [Figures 1d, 2d and 3d] 

following equation 2 analogous to equation 1  

η = η0.exp(Eη/(T-T0)) [Eq. 2] 

where η0 and Eη represents the viscosity at the high temperature limit (as T→∞, it corresponds to 

the viscosity of the system in vapor state) and the pseudo-activation energy for the fluidity 1/η, 

respectively. The fits yield excellent R2 values ranging between 0.999 and 1.000. The parameters 

issued from the conductivity and viscosity fittings are gathered in Table 3. 

In the case of viscosity results, T0 and Eη values are similar for any electrolyte formulation, lying 

in the range 174-190 K and 2.7-3.5 kJ·mol-1, respectively. Therefore, EMImFSI or FEC additive 

or NaX (X=ClO4, PF6, FSI) salt have quite similar effects on the thermal viscosity behavior. 

Much difference is noticed in the salt or the additive impact on the thermal conductivity 

behavior. Given that T0 and Eσ vary inversely, the following discussion will focus on Eσ values.  
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Figure 1 : Variations of ln(σ) as a function of  1/T  (a) and  1000/(T-T0) (b) and ln(η) as a 

function of  1/T  (c) and  1000/(T-T0) (d) for 1 M NaClO4 solutions in EC:PC without additive     

( ), with 2% FEC (+),2% EMImFSI ( ) and 10% EMImFSI ( ).  (e) Effect of additives content 

on the activation energy of the conductivity. 
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Figure 2 : Variations of ln(σ) as a function of  1/T  (a) and  1000/(T-T0) (b) and of ln(η) as a 

function of  1/T  (c) and  1000/(T-T0) (d) for 1 M NaFSI solutions in EC:PC without additive      

( ), with 2% FEC (+),2% EMImFSI ( ) and 10% EMImFSI ( ). 

When comparing the Eσ values of the three systems without additive, such associated to NaPF6 

are the lowest ones, whereas those of NaClO4 and NaFSI are of the same order of magnitude. 

The increase of σ with T is, therefore, facilitated with NaClO4 or NaFSI. Such a behavior agrees 

with some previous results about NaFSI or NaPF6 in EC:PC [67,68] or about donor number (DN) 

of anions [69]. At the best of our knowledge, NaClO4 does not generate contact ion-pairs in PC 

[70]. However, Raman spectroscopy has shown that the content of contact ion-pairs or 

aggregates is around 12% in a 1M NaFSI solution in EC:PC [67]. Moreover, NaPF6 in EC:PC 
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exhibits a dissociation degree as weak as 0.34 at 0.7 M [68]. So the weak ability of NaPF6 to 

dissociate in EC:PC may inhibit the effect of the temperature on the conductivity increase. Such 

observations can also be correlated to the DN values of the anions which are an estimation of the 

strength of the interactions between the anions and other dissolved cationic species. The values 

are -6.2 and 7.6 kcal.mol-1 for X=PF6 and ClO4 respectively. A value of 13.2 kcal·mol-1 is 

estimated for FSI taking into account a value of 11.2 kcal·mol-1 found for TFSI and that DN 

decreases 1 kcal·mol-1 per added CF2 group [69]. Hence, PF6
- is seemingly the weakest donor 

anion of the present series.    

 

Figure 3 : Variations of ln(σ) as a function of  1/T  (a) and  1000/(T-T0) (b) and of ln(η) as a 

function of  1/T  (c) and  1000/(T-T0) (d) for 1 M NaPF6 solutions in EC:PC without additive      

( ), with 2% FEC (+),2% EMImFSI ( ) and 10% EMImFSI ( ). 
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Upon addition of EMImFSI at 2% and 10%, the representation of Eσ  vs. EMImFSI content (see 

Figure 1e) show an extremum for X = FSI or ClO4, whereas for X = PF6, this energy increases 

monotonously with the additive content. The extremum can be associated to two antagonistic 

effects: (i) the addition of ionic species which should facilitate the σ vs. T increase and (ii) the 

enhancement of the viscosity due to the addition of an ionic liquid type species which should 

inhibit the σ vs. T effect. Whereas the first effect rules the FSI– and PF6–based electrolytes 

behavior, unlike to the case of X=ClO4, governed by the second one. Finally, the addition of 

neutral and more fluid FEC at 2% w/w (as for EMImFSI) influences in a different extent the 

Eσ values for X=ClO4, FSI and PF6. The non-ionic character of FEC probably compensates its 

low viscosity thus leading to results quite similar to those of EMImFSI at the same content. The 

differences observed are therefore attributed to the sodium salt structure in solution.  

3.3. Sodium plating/stripping in the electrolytic media prepared 

In order to set the potential use of any electrolyte in SIB, the reversibility of the sodium plating 

reaction defined by  

Na+ + e- �  Na [1] 

has been checked [20,32,34,36,42-44,46,52]. Figure 4 shows the plating/stripping of sodium onto 

an aluminum collector by means of CV. The curves corresponding to 2% EMImFSI-based 

electrolytes are shown in Figure S1. Hagiwara [32,34,36,42] and Forsyth [43,44,46] groups 

indicated that several electrolytes with the FSI- anion (for instance, KFSI/NaFSI deep eutectics) 

allow such process. This contrasts with the results of Palacín et al. [52] claiming that unlike to 

FSI-, pure TFSI-based ionic liquids or NaTFSI solution in PC do not allow Na plating/stripping 

process. They explained this feature on the basis of the formation of a film not permeable to 

sodium ions or to the decomposition of TFSI- anion or organic cations hindering the whole 

process. Sodium plating/stripping can be however obtained with NaTFSI dissolved in EC/PC 

[71].    
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Figure 4 : Sodium plating/stripping in Na/NaX 1M/Al half cells with X= (a) ClO4, (b) PF6 and 

(c) FSI in EMImFSI/EC/PC ternary mixtures. Sweep rate: 50 µV·s-1. Upper voltage limits: -0.2V 

– 0.5V vs Na/Na+. 
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Table 4 shows the onset values for plating and stripping as well the coulombic efficiency (CE) 

for the first cycle. In un-doped electrolytes, CEs follow the trend NaClO4 ~NaFSI >> NaPF6 with 

a larger sodium plating for NaClO4. These features agree with the dissociation level of NaX in 

the EC/PC mixture. In the case of NaClO4, onset values (approx. -50 mV vs Na/Na+) are slightly 

affected by the presence of EMImFSI. Nevertheless, EMImFSI decreases both the extent of the 

plating and the CE (-10%). 

 

Table 4. Sodium plating/stripping parameters in Na/Al half cells with different electrolytes 

prepared in this work. 

Electrolyte 

salt 
% Additive 

Plating onset potential 

(mV) 

Stripping onset potential 

(mV) 

Coulombic efficiency 

(%) 

NaClO4 0 -52 0 80 

 2% EMImFSI -47 -6 70 

 
10% 

EMImFSI 
-62 0 72 

 2% FEC -40 0 76 

NaPF6 0% EMImFSI -79 -52 20 

 2% EMImFSI -169 - n.a. 

 
10% 

EMImFSI 
-85 -62 30 

 2% FEC -95 -43 46 

NaFSI 0 -48 0 80 

 2% EMImFSI -130 -51 n.a. 

 
10% 

EMImFSI 
-48 0 79 
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2% EMImFSI concentration in the NaPF6- and NaFSI-based electrolyte causes very small 

sodium deposition and null or almost null stripping (Figure S1). Sodium plating is largely 

hindered, occurring at -169 mV and -130 mV for NaPF6 and NaFSI-based electrolytes, 

respectively, which correspond to shifts of -90 mV and -82 mV compared to the respective un-

doped electrolytes. These effects are not associated to the electrolytes viscosity [13] as all show 

similar viscosity values. For such electrolytes, broad and intense peaks are observed at 0.02-0.2V 

and 0.63V vs Na/Na+ for NaPF6 and NaFSI solutions, respectively. Unlike, 10% EMImFSI has a 

slight effect on plating extent and cycling efficiency of NaFSI solutions, without apparent shift 

of the onset values. Furthermore, plating and stripping gap are similar to that of the un-doped 

electrolytes.   

As stated by Palacin et al. [20,52], plating/stripping results reveal a very important role of the 

SEI formed in any cell. Decomposition products of solvent and sodium salt modify the ability of 

sodium for achieving reve rsible Eq. 1. For instance, increase of reversibility and CE denotes the 

formation of a suitable SEI onto the aluminum collector [18] when FEC is used as additive. In 

this sense, the values collected in Table 4 for FEC-containing electrolytes agree with a positive 

or null effect of this particular additive on the reversible sodium electrodeposition. 

3.4. Sodium storage in the hard carbon material 

3.4.1. Sodium storage during the first CV 

Sodium half cells were built with a hard carbon electrode as working electrode. Mainly, two 

main mechanisms have been proposed for explaining the sodium storage. Dahn’s group [72] 

earlier proposed the house of cards model that considers two steps in the sodium ions storage, 

initially in the graphene layers of the hard carbon turbostratic domains followed by storage in 

defaults and microporosity. Later, Ji et al. [17,73] proposed a model more consistent with the 

analogous lithium insertion in graphene-base systems. Thus, sodium ions store initially in the 

turbostratic domains defaults, then adsorb on the micropores and finally insert into the graphene 

layers. The steps above described for any model correspond to two distinct features noticed in 

the galvanostatic discharge after an initial quick polarization: a linear voltage/composition region 

until 0.1V vs Na/Na+ followed by a pseudo-plateau at such potential. At slightly lower voltages, 

Ji’s group also pointed sodium plating. A recent review [74] proposes alternative new models for 

sodium ion storage. 
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Figure 5: First CV of Na/NaX 1M/hard carbon half cells with (a) X=ClO4,(b) X= PF6 and (c) 

X=FSI in EMImFSI/EC/PC ternary mixtures. Sweep rate: 50 µV·s-1. Voltage limits: 3 mV – 

1.5V vs Na/Na+. 
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First cyclic voltammetries under 50 µV·s-1 corresponding to the nine electrolytes of this study are 

shown in Figure 5. CV was performed at such very low scan rate, in order to develop the SEI. 

The morphology, composition and suitability of this interface for electrochemical cycling will be 

described in section 3.5. 

In the CV curves, the three steps above mentioned for sodium storage are noticed. Thus, one can 

observe an almost horizontal line from OCV to 0.1V vs Na/Na+, followed by a sloping region 

until 0.01V vs Na/Na+ and finally an incomplete intense peak, very close to 0V vs Na/Na+. The 

most important feature during the charge of the electrode is a peak observed at 0.2V vs Na/Na+. 

This well resolved peak is associated to sodium ions desorption from the hard carbon 

microporosity, according to Dahn’s group [72], or to the desinsertion of sodium ions from the 

interlayered space separating the graphene layers, according to Ji’s group [73]. Stripping of 

sodium should also be considered as the presence of a porous electrode (hard carbon) instead of 

the planar aluminum foil modifies the plating/stripping potentials. 

The effect of EMImFSI content on the electrolyte containing NaClO4 is now examined (Figure 

5a). For the un-doped electrolyte, the electrode provides a CV typical of hard carbon electrode. 

Introduction of EMImFSI in a 2% w/w content enhances the electrochemical activity of the 

electrode (gravimetric intensities increase) but also introduce a new feature during the first 

discharge, a broad band develops after 1.23V vs Na/Na+ with maxima at 1.09V and 0.6V. The 

same accounts for 10% w/w of EMImFSI. Thus, the band is unambiguously associated to the 

presence of the IL in the electrolytic mixture. For the 10% EMImFSI-based electrolyte, a 

duplicate peak is noticed with maxima at 0.48V and 0.34 V vs Na/Na+. The occurrence of these 

cathodic peaks in both doped electrolytes indicates a consumption of sodium from the electrolyte 

in order to create the SEI. Thus, a similar chemical nature for the SEI is expected for both 

electrolytes, but SEI thickness should be larger for the 10% EMImFSI content. A thick SEI 

should hinder the sodium uptake/release from the hard carbon particles, as observed in Figure 5a. 

 

Figure 5b shows the CV associated to the half-cell cycled in presence of NaPF6-based 

electrolytes. In agreement with the former results of sodium plating/stripping, gravimetric 

capacities are very low for these half-cells. Incorporation of EMImFSI to the electrolyte leads to 

the occurrence of an irreversible peak in the cathodic wave (ca. 0.36V vs Na/Na+). The same 
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accounts for the NaFSI-based electrolyte. Thus, in line with Figure 4c, the electroactivity of hard 

carbon in un-doped NaFSI–based and NaClO4–based electrolytes is similar with slightly lower 

gravimetric intensities compared with the former one. Presence of EMImFSI in the electrolyte 

associates the apparition of new peaks in the cathodic wave located at 1.07V (for 2% EMIFSI 

and 10% EMImFSI), 0.62V and 0.42V (for 10% EMImFSI), values close to those found for 10% 

EMImFSI-NaClO4 electrolyte.  

Influence of the EMImFSI additive on the first half-cell CV is related to the formation of the 

solid electrolyte interface coming from the degradation of the electrolyte. Several peaks observed 

in the first cathodic wave are associated to the decomposition of the IL itself rather than to the 

sodium salt anion. Taking into account the controversy about the stability [36,58] or the 

instability [59] of EMIm+ cation in negatively polarized or reductant surfaces, it seems more 

suitable the association of the new peaks to the FSI- anion degradation, that has been earlier 

documented [28,58-61]. This would be consistent with FSI- anion from the IL more associated to 

the EMIm+ cation and available to reduce onto the negatively polarized electrode surface. 

Unlike, FSI- anion coming from the salt is strongly coordinated by largely in excess EC 

molecules and less prone to its reduction. The suitability of the SEI thus formed and its stability 

will be checked in the next sections. 

3.4.2. First galvanostatic cycle after one CV 

Figure 6 shows the first and sixth galvanostatic cycles following the CV described in the section 

3.4.1. First and sixth cycles are conducted on different regimes (20 mA·g-1 and 40 mA·g-1, 

respectively) in order to show the half-cell performance stability with increasing regime rate (C-

rate testing). The cycling corresponding to 2% FEC-based electrolytes is collected in Figure S2. 

Half-cell cycled with an EMImFSI-free NaClO4-based electrolyte (Figure 6a) provided a typical 

voltage/composition, containing the initial voltage polarization, the sloping region at 1.0V and 

the pseudoplateau at the lowest voltage. The profiles are mainly maintained after 

discharging/charging under a faster regime. Nevertheless, a change in the polarization is noticed: 

26 mV (1st cycle) and 103 mV (6th cycle).  
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Figure 6: First sodiation/de-sodiation cycle (under 20 mA·g-1) and sixth sodiation/de-sodiation 

cycle (under 40 mA·g-1) of Na/NaX 1M/hard carbon half cells with (a) X=ClO4, (b) X= PF6 and 

(c) X=FSI in EMImFSI/EC/PC ternary mixtures. Voltage limits: 3 mV – 1.5V vs Na/Na+. 
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Introduction of EMImFSI slightly influences the electrochemical performance of the electrode 

during the first six cycles, with similar profiles to those observed in absence of EMImFSI. 

However, polarization increases to 43 mV (for 2% EMImFSI) and 120 mV (for 10% EMImFSI) 

and levels off to 81 mV and 152 mV after 6 cycles for 2%EMImFSI and 10%EMIFSI 

respectively. A more resistive SEI has been observed when switching from EC/DEC-based to 

BMPTFSI-based ionic liquid electrolytic solutions containing NaClO4 and NaPF6 [48]. The 

different polarizations agree with a distinct solid interface created for every electrolyte 

formulation [4,24,29,30,52]. Table 5 indicates that EMImFSI-based electrolytes provide similar 

de-sodiation capacities and capacity retention at different current regimes. Such values are 

slightly lower than those observed for the classic FEC additive (Figure 7d), which turns to 

provide the lesser polarization. For the 6th cycle, capacity retention follows the rank 2% FEC > 

10% EMImFSI > 0% EMImFSI,FEC > 2% EMImFSI. An average de-sodiation capacity of 175 

mAh·g-1 is provided by the sodium half-cells operating with un-doped NaClO4-based electrolyte 

at the 6th cycle. 

Poorer performance of NaPF6-based half-cells (Figure 6b) compared with NaClO4-based ones is 

noticed during galvanostatic cycling. Thus, such devices provide 50-90 mAh·g-1 less of capacity 

in the first cycle. Interestingly, for NaPF6, the discharge/charge profiles depend on electrolyte 

composition and cycle number. Thus, first cycle with 0% and 2% EMImFSI are quite similar in 

profile. However, the sixth discharge is severely modified for both half-cells, showing abrupt 

voltage decay beyond 0.17V and 0.37V vs Na/Na+ for 0% EMImFSI and 2% EMImFSI 

respectively. On the opposite, the 10% EMImFSI-based cell provided a major feature in the first 

discharge curve (a 35 mAh·g-1 wide pseudo-plateau up to 0.37 V) that would be responsible for 

the profile maintenance after 5 cycles. This feature is related with EMImFSI decomposition. 

Regarding the polarization between sodiation and de-sodiation steps, the values are as follows: 

43.8 mV, 56.7 mV and 94 mV (1st cycle for 0, 2 and 10% EMImFSI respectively) and 113 mV, 

98 mV and 123 mV (6th cycle for 0, 2 and 10% EMImFSI respectively). Thus, as for NaClO4-

based cells, the doping with EMImFSI also increases initially the polarization although 2% 

EMImFSI-based cell shows the smallest polarization after cycling.  
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Table 5. Polarization and desodiation capacities for the sodium hard carbon half-cells (1st cycle 

and 6th cycle) and capacity retention with the electrolytes prepared in this work. 

Electrolyte 

salt 

% 

Additive 

Desodiation 

capacity at 1
th
 

cycle (C/10) 

(mAh·g
-1

) 

Polarisation 

(mV) 

Desodiation 

capacity at 6
th
 

cycle (C/5) 

(mAh·g
-1

) 

Polarisation 

(mV) 

Capacity 

retention 

(%) 

NaClO
4
 

0 192 23 172 100 89.58 

2% 

EMImFSI 
200 40 176 78 88.00 

10% 

EMImFSI 
184 117 169 149 91.85 

2% FEC 175 42 175 75 100 

NaPF
6
 

0% 

EMImFSI 
102 41 100 110 98.04 

2% 

EMImFSI 
160 54 150 95 93.75 

10% 

EMImFSI 
118 91 119 120 100.84 

2% FEC 136 19 135 45 99.26 

NaFSI 

0 166 69 179 92 107.83 

2% 

EMImFSI 
138 22 124 99 71.74 

10% 

EMImFSI 
214 82 171 144 80.00 

2% FEC 214 39 215 42 100.47 
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Figure 7: Evolution of the sodiation (discharge) capacity during prolonged galvanostatic cycling 

(5 cycles under 20 mA·g-1 and 20 cycles under 40 mA·g-1) of Na/NaX 1M/hard carbon half cells 

with (a) X=ClO4, (b) X= PF6 and (c) X=FSI in EMImFSI/EC/PC ternary mixtures, (d) X=ClO4, 

X= PF6 and X=FSI in FEC/EC/PC ternary mixtures. Voltage limits: 3 mV – 1.5V vs Na/Na+. 

 

Doping the NaPF6-based electrolyte with EMImFSI has a positive effect on the de-sodiation 

capacities (Table 5) which are increased, but as for NaClO4-based electrolytes, 2%EMIFSI 
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corresponds to the lower capacity retention. This feature is even more noteworthy when 

compared with a FEC-doped electrolyte, which half-cells performed in average better (Figure 

7d) and show the smaller polarization. The rank for capacity retention is 10% EMImFSI > 2% 

FEC > 0% EMImFSI,FEC > 2% EMImFSI. Nevertheless, the highest de-sodiation capacity was 

found at the 6th cycle (150 mAh·g-1) and corresponds to 2%EMImFSI. 

NaFSI-based sodium half-cells (Figure 6c) show similar shapes to those containing NaClO4, 

although the capacities provided are different. Thus, for 0% and 2% EMImFSI, the half-cells 

furnished a lower capacity. This trend is reversed for the 10% EMImFSI-based cell that provides 

25 mAh·g-1 more than for NaClO4. Polarization of the cells does not follow a trend according to 

the EMImFSI content in the electrolyte (Table 5) but are higher than that found for FEC. 

Nevertheless, one can note that unlike its NaClO4 and NaPF6 counter-parts, the more stable 

interface corresponds to 0% EMImFSI electrolyte with only an increase in the polarization of 

34%. Finally, the rank for capacity retention after six cycles is 2% FEC> 0% EMImFSI,FEC > 

10% EMImFSI> 2% EMImFSI, the 2%FEC-based electrolyte providing the highest de-sodiation 

capacity (215 mAh·g-1).  

 

3.4.3. Prolonged cycling under galvanostatic conditions 

Figure 7 shows the prolonged cycling of the sodium half-cells following the protocol one CV, 

five galvanostatic cycles under 20 mA·g-1 and twenty galvanostatic cycles under 40 mA·g-1. The 

curves warrant several comments. First of all, for NaClO4–containing electrolytes (Figure 7a), 

one can observe the cancellation of the initial positive impact of introducing EMImFSI in the 

electrolyte after ten cycles. Then, the de-sodiation capacity stabilizes close to 175 mAh·g-1 in the 

absence of EMImFSI whereas it declines for the EMImFSI-doped electrolytes. This behavior is 

opposite to that found when NaPF6 is the sodium salt (Figure 7b). Thus, EMImFSI-doped 

electrolytes provide a stable capacity, 25-50 mAh·g-1 higher than un-doped electrolyte. 

Regarding the NaFSI-based electrolytes (Figure 7c), only 10% EMImFSI ensures a capacity 

higher than the EMImFSI-free electrolyte during at least 20 cycles. 
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At the 25th cycle, the rank of capacities with un-doped electrolytes is NaFSI > NaClO4 >> 

NaPF6, the highest capacity being 175 mAh·g-1. For the 2% EMImFSI, the rank is NaPF6 > 

NaFSI > NaClO4 with 144 mAh·g-1 as the highest capacity provided. Finally, for the 10% 

EMImFSI, the rank is NaFSI >> NaPF6 > NaClO4 with the highest capacity of 147 mAh·g-1. 

These results show the interplay role of salt anion and IL present in the electrolyte and reveal the 

advantageous properties of NaFSI as sodium salt for designing new SIB electrolyte formulations. 

Capacity evolution on cycling must be compared with that obtained for 2% FEC-derived 

electrolytes (Figure 7d). After 25 cycles, stables capacities of 172, 132 and 216 mAh·g-1 are 

provided by NaClO4-, NaPF6- and NaFSI-based electrolytes, respectively. These results agree 

with the reported good characteristics of FEC as additive for SIB electrolytes [2-4,9,14-15,17-

19,23-27,29].   

 

 

Figure 8: Evolution of the coulombic efficiency, CE, during galvanostatic cycling of Na/NaX 

1M/hard carbon half cells with EMImFSI/EC/PC or FEC/EC/PC ternary mixtures. X=ClO4, PF6, 

FSI. Voltage limits: 3 mV – 1.5V vs Na/Na+.  
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Disparate behavior of the nine different electrolyte formulations is also observed by examining 

the CE upon cycling (Figure 8) until 50 cycles for most of the electrolyte formulations. In the 

case of NaClO4, 0% and 10% EMImFSI in the composition ensures a CE close to 100%, but 

only the un-doped electrolyte provides stable values of CE. For NaPF6, values are random for 

0% EMImFSI and 2% EMImFSI, with only 10% EMImFSI providing a stable CE close to 

100%. Finally, for NaFSI-based electrolytes, it produces unstable CE values which are closest to 

100% with the 10% EMImFSI composition. These observations will be reanalyzed in the section 

3.5 devoted to the SEI studies. For comparison, the CE evolution on cycling for 2% FEC-based 

electrolytes is also shown in Figure 8. The CE provided by these formulations are stable and in 

the 98-99.5% range without noticeable dependence with the sodium salt [17, 25]. These 

advantageous CE values confirm the suitable SEI formed on the electrode particles in presence 

of FEC. 

3.5. Solid electrolyte interface studies 

The above presented results concerning polarization and cycling properties agree with a relevant 

role of the SEI formed between the hard carbon electrode and the electrolyte. The importance of 

the SEI in SIB has been formerly discussed by Komaba et al. [18]. Thus, the choice of SIB 

electrolytes should not be guided by their particular physicochemical parameters but to the 

ability to form a suitable SEI [17]. Unlike for LIB employing similar organic solvents, SEI found 

in SIB mainly contains inorganic layers [2,10,17,19,21,26]. SEI thickness ranges between 10 

nm-30 nm depending on the electrode material [13,17,22,28].  

SEI composition reflects both the salt and the solvent in the electrolyte formulation 

[2,4,10,11,13,15,17,20-24,26,28,29,48,52,67]. Thus, for instance, NaClO4 and NaPF6 

decomposes to yield NaCl [19,21,26] and NaF [17,26] respectively. Organic carbonate solvents 

yield mainly Na2CO3 [2,10,15,19,75] and in lesser extent, alkylcarbonates as semicarbonates 

[2,10,15,18,19,26,28,76]. There is some controversy about the absence or the presence 

[10,17,18] of –CH2- long chained compounds, although they seem to be less present than in the 

lithium counter-part SEI, which justifies a more homogeneous and porous film in SIB than in 

LIB [17]. Additive degradation products can also participate in the SEI composition. For 

instance, FEC decomposes yielding NaF and Na2CO3 [18]. In the case of FSI-containing IL with 

AFSI (A=Li+ or Na+), SEI contains as common products AF and ASO2F (A=Li+, Na+) and 
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trapped SO2 [28,58-60,67] probably from the degradation of both, the IL and the alkaline salt 

anion. 

 3.5.1. SEM observations 

CE values clearly indicate that the SEI is not stabilized for most of the selected electrolyte 

compositions. In this section we examine the cycled electrodes by SEM in order to obtain 

information about the SEI morphology and chemical nature. 

In the NaClO4-based formulations, the half-cell tested in 2%EMImFSI-containing electrolyte 

provided disparate CE values whereas the un-doped counter-part was quite stable. Figures 9(a,b) 

show the electrode after 50 galvanostatic cycles tested in un-doped electrolyte. Electrode 

particles are welded by a film with very few cracks. Particles with typical morphology of hard 

carbon are not distinguished revealing that the whole pristine electrode is buried under a film, 

presumably the SEI. A very different shape is shown in Figures 9(c,d) for the electrode cycled in 

presence of 2% EMImFSI. Indeed, the hard carbon particles are easily recognized (Figure 9c) 

and are recovered by nanoparticles not identifiable as carbon black present in the electrode 

formulation. EDS spectra (Figure 9e) indicate the presence of Na, C, O and Cl in the electrode 

when EMImFSI is absent. Whereas Na2CO3 has been proposed as the major inorganic 

component of the SEI, degradation of NaClO4 can justify the presence of NaCl. EMImFSI 

addition to the electrolyte implies the occurrence of S peaks and a bigger contribution of C 

(Figure 9f). Cl coming from NaClO4 dissociation is detected in a similar proportion. The effect 

of EMImFSI introduction (in 2% or 10% content) is the decomposition of FSI anion [28,58-60] 

that yield carbon- and sulphur-containing compounds in a powdered form. The two different 

features for un-doped and EMImFSI-doped electrolytes confirm the occurrence of a suitable SEI 

only for the first case. 
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Figure 9: SEM micrographs of electrodes after 50 cycles in (a,b) 0%-EMImFSI and (c,d) 2%-

EMImFSI NaClO4-based electrolytes at the discharged state. (e,f) Corresponding EDS mappings. 
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The opposite behavior is found when NaPF6 is employed as sodium salt and the electrodes are 

cycled for 50 times in a 0% EMImFSI (Figures 10a,b) or 10% EMImFSI (Figures 10c,d) 

electrolyte. Thus, for the un-doped electrolyte, the hard carbon particles are observed. When 

solvent is doped with EMImFSI in a 10% content, the pristine morphology of hard carbon 

particles is retained, but they are coated and agglomerated by a dense film which creates a 

protected electrode without cracks. These observations are in line with the disparate values of CE 

for the un-doped electrolyte and the stability of CE (and value close to 100%) for the 10% 

EMImFSI-doped one. EDS measurements for 0% EMImFSI (Figure 10e) indicate that the SEI  

contains product of the electrolyte salt and solvent, providing C, O, F, P and Na peaks 

presumably associated to sodium alkylcarbonates, Na2CO3, NaF and NaxPFyOz [26,28,76]. When 

EMImFSI was added, there are dramatic changes in the EDS spectra (Figure 10f). The system 

contains a larger contribution of O, F and Na. On the other hand, P and S peaks are almost 

undistinguishable (their potential position has however presented in the spectra for clearness). 

Degradation of IL FSI anion was observed for 2% EMImFSI-NaClO4 electrolyte earlier, 

resulting in F and S peaks. However, in the current case, S peaks are almost absent. Furthermore, 

one can hardly hypothesize that F peaks are originated by the NaPF6 degradation since a large 

contribution of P peaks would be expected, the only phosphorus source being NaPF6. These 

features are consistent with a buried inorganic film onto the hard carbon particles containing 

NaxPFyOz and NaSO2F products but this statement need to be confirmed by XPS analysis.  

Finally, the SEM images for the NaFSI system are collected in Figures 11a-d. CE for these 

systems indicated an unstable SEI during the cycling. Indeed, hard carbon particles retained their 

morphology after 50 cycles in un-doped and 10% EMImFSI-doped electrolytes. Several cracks 

in both electrodes are noticeable indicating the absence of a film coating the particles. A closer 

examination reveals that in the case of cycling in un-doped electrolyte (Figure 11b), the hard 

carbon particles are covered by randomly dispersed carbon black nanoparticles earlier present in 

the electrode formulation. Thus, these examinations indicate unambiguously that the washing 

with DMC is able to remove the protective film formed in the un-doped electrolyte. In this case, 

EDS gives very limited information about the chemical nature of the SEI (Figure 11e). Indeed, 

one can say that insoluble products contain Na, C, O and S, indicating that the FSI- anion salt is 

decomposed upon cycling [67]. 
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Figure 10: SEM micrographs of electrodes after 50 cycles in (a,b) 0%-EMImFSI and (c,d) 10%-

EMImFSI NaPF6-based electrolytes at the discharged state. (e,f) Corresponding EDS mappings. 
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Figure 11: SEM micrographs of electrodes after 50 cycles in (a,b) 0%-EMImFSI and (c,d) 10%-

EMImFSI NaFSI-based electrolytes at the discharged state. (e,f) Corresponding EDS mappings. 
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Coating particles formed in the 10%EMImFSI-NaFSI-cycled electrode (Figure 11d) are totally 

different to that found for 0%EMImFSI. They are submicronic sized and have a smooth ovoid 

shape. As for 10%EMImFSI-NaPF6, EDS spectra (Figure 11f) indicate a large contribution of 

Na, O and F, and a lower amount of S from what expected from the FSI anion degradation. Thus, 

as for NaPF6, one can consider that part of the degradation products are buried down to a NaF- 

and Na2CO3-rich film.  

One of the SEI properties is its morphology, which has been analyzed and helps to understand 

the CE values. In resume, the presence of a true film protecting the hard carbon particles usually 

corresponds to stabilized interfaces that turn into CE constant values. This is the case of un-

doped NaClO4 and EMImFSI-doped NaPF6 electrolytic solutions but is not evidenced for the 

NaFSI-based systems. 

Another aspect of the SEI correlates to the extent of the capacity values that strongly depends on 

the chemical nature. For the NaClO4, the SEI obtained for 10%EMImFSI-NaClO4 was less stable 

than for EMImFSI-free system and presumably more resistive due to the presence of the S-

containing compounds, resulting in -31% of capacity. The F-rich SEI observed in the EMImFSI-

NaPF6 combines a capacity increase of +50% from the EMImFSI-free electrolyte and stable CE 

values. Finally, the insoluble part of the SEI obtained for EMImFSI-NaFSI system, is also very 

rich in fluoride compounds but the capacity was 15% lower than with the EMImFSI, despite a 

better, but not constant CE. These results should be taken carefully and being contrasted with 

XPS measurements onto the cycled electrodes.  

 

4. Conclusions 

We have prepared nine electrolytes in order to determine the possible application of EMImFSI 

ionic liquid as additive (2% in weight ratio) or co-solvent (10% in weight ratio) for SIB r.t. 

electrolytes. From a physicochemical point of view, the introduction of EMImFSI implicates an 

ambiguous effect as ionic liquid adds ionic species to the solution but also enhances the 

viscosity. While the first factor governs the FSI– and PF6–based electrolytes behavior, the 

second one rules the ClO4-based electrolytes conductivity. 
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Sodium plating/stripping is very dependent on the sodium salt employed. For un-doped 

electrolytes, the extension of plating seems to be related to the dissociation degree of the sodium 

salt. EMImFSI introduction hinders systematically the plating for the NaClO4- and NaPF6-based 

electrolytes but increases it when present in 10% weight ratio for the NaFSI-based one. These 

features, rather than being related to the electrolytes viscosity, indicate that the SEI formed onto 

the collector involves the degradation of the ternary liquid mixture EMImFSI/EC/PC.  

When a hard carbon electrode is submitted to slow CV in a sodium half-cell, one can distinguish 

several peaks associated to the reduction of FSI- anion (as EMIm+ is supposed to be stable from 

several reports) in the vicinity of 1.1V, 0.6V, 0.42V and 0.36V, depending on the EMImFSI 

content. Both, the FSI- anion and electrolyte solvents degradation should provide a SEI on the 

hard carbon electrode and as a result, EMImFSI introduction penalizes the sodium storage in the 

hard carbon, even for the NaFSI-based electrolyte. 

A different SEI is also responsible for a distinct polarization of the hard carbon electrodes after a 

deep discharge. In a general way, the polarization following the first discharge increases with the 

introduction of EMImFSI, which seems to be general when IL are present in electrolytic media. 

Nevertheless, after six cycles that consider switching from C/10 to C/5 regime, the polarization 

for 2%EMImFSI-based electrolytes is smaller or similar to that of un-doped ones. Only the 

charge/discharge curves associated to NaPF6-containing electrolytes are different to the 

fingerprint curve of a hard carbon electrode, indicating active participation of EMImFSI in the 

capacity.  

After six cycles, the highest capacities for each sodium salt series are 175 mAh·g-1 (for un-doped 

NaClO4 electrolyte), 150 mAh·g-1 (for 2%EMImFSI/NaPF6 electrolyte) and 179 mAh·g-1 (for 

un-doped NaFSI electrolyte). These values are to be compared with those obtained when classic 

FEC additive is introduced in the electrolyte formulation [175 mAh·g-1 (for NaClO4 electrolyte), 

134 mAh·g-1 (for NaPF6 electrolyte) and 215 mAh·g-1 (for un-doped NaFSI electrolyte)]. Except 

for NaPF6, the capacity retention is higher in FEC-doped than in un-doped or EMImFSI-doped 

electrolytes. In all the cases, the 2% EMImFSI content yields the lower retention values. This 

irregularity in the trend observation is confirmed after 25 galvanostatic cycles, where half-cells 

with FEC-doped electrolytes provide 55 or 90 mAh·g-1 more than NaClO4 or NaFSI electrolyte, 

respectively, but -15 mAh·g-1 for NaPF6 electrolyte.  
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CE is unstable in most of the electrolyte/electrodes systems analyzed in this work. There is not a 

marked trend except for FEC-doped, un-doped NaClO4 and 10%EMImFSI-doped NaPF6 

electrolytes that give CE values with suitable stability and values in the 97.5-100% during 25 

cycles. SEM observations indicate that this feature is ascribed to the absence of a suitable film 

efficiently recovering and connecting the hard carbon particles present in the electrode. Once this 

SEI has been formed, CE remains stable and capacity is efficiently retained.  

The different features observed are unambiguously associated to the complexity of the SEI 

formed for each electrode/electrolyte combination as a result of the electrolyte components 

degradation. From EDS results, it is inferred that sodium salt decomposes in any case providing 

chlorine, fluorine and sulphur compounds for NaClO4, NaPF6 and NaFSI respectively, although 

the major SEI components are Na2CO3 from the EC/PC decomposition. FSI- anion degradation 

yielding mainly sulphur is noticed when EMImFSI is doping the electrolyte.  The exact chemical 

nature of the SEI should be checked in order to comprehend the cycling properties, as formation 

of resistive compounds should increase the electrode impedance, whereas major presence of 

ionic conductive compounds (mainly Na2CO3) account for cycling properties enhancement.  XPS 

measurements will be relevant for clarify the SEI nature although one should be careful that 

washing with DMC we probably remove part of the SEI and we miss precious information on it. 

From a technological point of view, we have demonstrated that, compared with FEC, EMImFSI 

is neither a suitable additive neither co-solvent for the r.t. SIB. Only in selected NaPF6-based 

formulations, EMImFSI introduction represents a very low increase (9%) in the capacity 

provided by the hard carbon electrode referred to FEC addition in 2%. Unlike, capacities are 

below 150 mAh·g-1  for the rest of the EMImFSI-based formulations whereas FEC-based ones 

surpass 170 mAh·g-1. The above mentioned is not contradictory with the possible application of 

EMImFSI as sole solvent in the electrolyte (see the high capacity values that it can provide in 

combination with NaFSI). Accessorily, our study is also revealing the excellent properties of 

combining NaFSI as sodium salt and FEC as additive for r.t. SIB electrolytes. 
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