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Abstract 

Hybrid electrolytes aimed at application in sodium-ion batteries (SIB) consisting of an organic solvent 

mixture (EC:PC) and different ionic liquids (ILs); EMImTFSI, BMImTFSI, and Pyr13TFSI, and with the 

NaTFSI salt providing the Na+ charge carriers have here been extensively studied. The physico-

chemical and electrochemical characterisation includes ionic conductivity, viscosity, density, cation 

coordination and solvation, various safety measures, and electrochemical stability window (ESW). 

Hybrid electrolytes with 10 to 50% of IL content were found to have ionic conductivities on par with 

comparable organic solvent based electrolytes, but with highly enhanced safety properties. A 

systematic Raman spectroscopy study of the cation coordination and solvation before and after 

electrolyte safety tests by ignition suggest that IL cations and TFSI remain stable when ignited while 

organic solvents are consumed. Finally, the solid electrolyte interphase (SEI) formed when using 

hybrid electrolytes has both better mechanical and electrochemical stability than the SEI derived 

from pure IL based electrolytes. For a half-cell with a hard carbon (HC) electrode and a hybrid 

electrolyte with a composition of 0.8 m NaTFSI in EC0.45:PC0.45:Pyr13TFSI0.10 encouraging results were 

obtained for IL based electrolytes – ca. 182 mAhg-1 at C/10 over 40 cycles. 
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1    Introduction 

Society is expecting efficient, affordable, safe technologies – and secondary batteries are not an 

exception to the rule. These are needed in order to take action to meet the increasing energy 

storage demands for both mobile and stationary applications. Lithium-ion batteries (LIBs) are 

essential for portable electronics and are starting to play a major role in the development of hybrid 

electric vehicles (HEV), electric vehicles (EV), and large scale energy storage [1, 2]. However, the 

world-wide repartition of lithium, where only four countries own more than 90% of the economically 

exploitable lithium reserves [3], together with the increasing lithium price, makes it advisable to 

develop complementary technologies. An appealing alternative is to introduce sodium into the next 

generation batteries, given its abundance and relatively low cost compared to lithium. Na is ranked 

as the 6th most abundant element on Earth [4], and its derivatives are massively produced around 

the world for various applications. The interest in sodium for secondary batteries is not new [5-11], 

but there is currently a revival taking place. At present, the most common sodium based battery 

technology commercialised is the sodium-sulfur battery [2, 12-18], operational only at medium-high 

temperatures, ca. 300°C, and therefore mostly used for load-levelling. The sodium-ion battery (SIB) 

technology, just like the LIB, works at room temperature enabling its use in a larger pool of 

applications. Armed with the extensive experience and knowledge acquired for LIBs, new materials 

and electrolyte formulations have now been rapidly developed for SIBs [13, 19-25]. As intercalation 

electrodes are preferentially used for SIBs just as for LIBs, the difference in energy density using Na 

instead of Li is not as large as if pure metal electrodes would have been used – recently a SIB 

reaching 200 Whkg-1 was demonstrated at the laboratory scale [19]. Furthermore, using the BatPaC 

tool [26] a SIB based on a hard carbon (HC) anode and a Na3V2(PO4)2F3 cathode was revealed to 

exhibit a theoretical energy density comparable to graphite//LiFePO4 based LIBs [27]. As for any 

other battery technology, the electrolyte choice is utterly important [1, 22, 28-31]. Several basic 

properties must be taken into account, whereof the ionic conductivity, the ESW, and the thermal 

stability window are amongst the most studied. Several safety indicators should also be taken into 



account; the flash point (FP), the ignition time (IT), and the self-extinguishing time (SET), etc. At 

present, most commercial battery electrolytes are based on a salt dissolved in organic solvents. 

These exhibit excellent ionic conductivities, but unfortunately this comes with high flammability and 

volatility [32, 33]. Packaging and compliance with safety regulations do make the batteries “safe 

enough”, but the risk of battery fires and current legislation activities due to toxicity studies urge us 

to find alternatives [34-36]. A candidate of choice could be ionic liquid (IL) based electrolytes. LIBs 

using IL based electrolytes have been extensively studied for over 15 years [28, 37-43] and paved the 

way to recent work on SIBs [44-50]. Amongst the large diversity of ILs available, pyrrolidinium (Pyr) 

based ILs have shown large promise in terms of cyclability and large ESWs [45, 46, 51, 52]. Recently, 

a large-sized (27 Ah) practical SIB using HC and NaCrO2 as electrodes and a Pyr13FSI IL based 

electrolyte was successfully cycled >500 cycles [25]. Imidazolium (Im) based ILs have also been 

studied for SIBs [53, 54], but the presence of an acidic proton on the Im ring [55-57] penalizes the 

ESW by decomposing the electrolyte. The general promising properties of ILs as electrolyte matrices 

in terms of safety, such as non-volatility and non-flammability [28, 58], are counteracted by high 

viscosities and especially by the low ionic conductivities [59] for the charge carrier ions e.g. Na+ or Li+ 

as compared to “traditional” organic electrolytes. Therefore, studies of hybrid electrolytes with ILs as 

additives or (co-)solvents together with organic solvents have been carried out for LIBs [60-64] to 

balance and improve electrochemical performance as well as safety [59, 63, 65-67].  

Here we report a systematic study of safety properties and electrochemical performance of hybrid 

electrolytes for SIBs using both IL and organic electrolytes as references. The electrolytes were 

studied both single-handedly and upon cycling vs. negative electrodes. The latter was made to assess 

the electrochemical stability upon low potential operation and the compatibility for different 

electrolyte/electrode combinations, including any side-effects on final cell performance. High 

surface area electrodes representative of real commercial electrodes were used, which is especially 

important as IL based electrolytes often have problems at low voltages, decomposing at higher 

potentials than at the potential of the SIB negative electrodes preferentially used e.g. HC [29, 39].  



 

2    Experimental 

2.1   Materials 

All hybrid electrolytes were prepared by direct mixing of an organic solvent based electrolyte; 0.8 m 

NaTFSI in an ethylene carbonate (EC, anhydrous 99.0%, Aldrich) and propylene carbonate (PC, 

anhydrous 99.7%, Aldrich) mix EC:PC (1:1), with 2, 5, 10, 20, 50, 80, and 100 weight% (wt.%) of 

various ILs. LP30 and DMC from Merck (battery grade) were used for safety studies while LiPF6 and 

NaPF6 (98.0%, Aldrich) were the salts used for the electrolytes. The ILs 1-ethyl-3-methyl-imidazolium 

bis(trifluoromethylsulfonyl)imide (EMImTFSI) (99.9%), 1-butyl-3-methyl-imidazolium TFSI 

(BMImTFSI) (99.9%), N-Propyl-N-methyl-pyrrolidinium TFSI (Pyr13TFSI) (99.9%), and the 

corresponding sodium salt (NaTFSI) (99%) were all purchased from Solvionic. Electrolyte preparation 

and cell assembly were always carried out inside an argon filled glove box with < 1 ppm H2O and 0-5 

ppm O2. The nomenclature used for all electrolytes is based on the molar ratios for the solvents and 

ILs e.g. EC0.45:PC0.45:Pyr13TFSI0.10. The NaTFSI concentration was almost always 0.8 m, a salt 

concentration practical for the hybrid electrolytes and allowing for comparisons with typical organic 

SIB (and LIB) electrolytes. For the pure IL based electrolytes the 0.8 m NaTFSI concentration however 

led to saturation, why a molar fraction x=0.15 [54] was chosen as reference. Composite electrodes, 

mimicking industrial technologies, were prepared from slurries of 85 wt.% HC active material, 5 wt.% 

of poly(vinylidene fluoride) binder (PVdF, Arkema) and 10 wt.% of Super P carbon (Csp, Timcal) in N-

Methyl-pyrrolidone (NMP, Aldrich). The HC was prepared following the procedure described in [68] 

by pyrolysis of sugar at 1100°C for 6 h under argon flow.  

The mixing of electrode components was made using a PM100 Retsch planetary ball miller with a 

stainless steel container with 3 stainless steel balls of 1 cm diameter at 500 rpm for 2 h with change 

of rotation direction every 30 min. The obtained slurry was subsequently tape casted on a 20 µm 

thick aluminum foil (Goodfellow) with a 250 µm doctor-blade and dried at 120°C under vacuum for 2 



h. Once dried, 0.8 cm2 disk electrodes were cut and pressed at 8 tons. Typically the electrode loading 

was 2 mg, corresponding to ca. 15 µm thick deposits. 

 

2.2   Properties 

First, the basic physico-chemical properties were determined for all the hybrid electrolytes i.e. 0.8 m 

NaTFSI in ECx:PCx:Pyr13TFSI(1-2x), ECx:PCx:EMImTFSI(1-2x), and ECx:PCx:BMImTFSI(1-2x), or more generally 

0.8 m NaTFSI in ECx:PCx:CatTFSI(1-2x), and for all reference systems. Second, the safety of the 

electrolytes was assessed through a combination of three independent measures (FP, IT and SET). 

Finally, a few electrolytes were selected for electrochemical tests. The layout of the experimental 

section follows this measurement and assessment scheme. 

 

2.2.1   Ionic conductivity 

The ionic conductivity was measured with a Novocontrol broad-band dielectric spectrometer in the 

frequency range 10-1 – 107 Hz between -10°C and 60°C with a step of 10°C. A constant volume (0.14 

cm3) cell was used, consisting of two brass (blocking) electrodes separated by a Teflon spacer (to 

contain the electrolytes and preventing any evaporation), which was sealed inside the argon filled 

glove-box. During the entire experiment the cell was kept under a flow of dry N2 gas. The 

temperature was held constant for at least 20 min before each measurement to allow equilibration 

of the sample. Finally, the DC conductivities were extracted from the plateaux in the frequency 

dependent (AC) conductivity plots. 

  



2.2.2   Viscosity 

The viscosity analysis between 10°C and 60°C was based on the rolling ball principle (dynamic 

viscosity) and carried out on a Lovis 2000 M/ME (Anton Paar). A 1.8 mm diameter capillary filled 

with the sample and a steel ball was used. 

 

2.2.3   Density 

The density data between 10°C and 60°C were recorded on a DMA 4500 M (Anton Paar). 1 cm3 of 

each sample was introduced into a U-shaped borosilicate glass tube excited to vibrate at its 

characteristic frequency - which depends on the density of the sample. 

 

2.2.4   Raman spectroscopy 

A 1 cm3 sample was placed in a cylindrical cuvette of 2 cm3 sealed with paraffin tape inside the argon 

filled glove-box before being transferred to the Raman set-up. Once the initial measurements were 

done, the samples were ignited in air and the remaining electrolyte was placed in a different 2 cm3 

vial to again be analyzed. All measurements were made at room temperature using a Bruker 

MultiRAM FT-Raman spectrometer with a nitrogen-cooled germanium detector and a resolution of 2 

cm−1. In order to optimize the signal-to-noise ratio and avoid luminescence a Nd-YAG (1064 nm) 

laser was used as excitation source at an operating power of 500 mW and the spectra were averaged 

over 1000 scans. For a selection of electrolytes band-fitting and deconvolution were made in order 

to in detail analyze the Na+-coordination. In the analysis stage each band used was fitted using a 

Voigt function and four models were elaborated upon by considering the position, the width, and 

the mix of Gaussian and Lorentzian band-shape contributions (successively fixed).  

 

2.2.5   Safety tests 

The IT and SET were both determined using a butane torch on ca. 0.5 g of electrolyte placed on a 

watch glass. As the appearance of a flame was not as clear for hybrid electrolytes as for EC:DMC 



based electrolytes, a different protocol was chosen for the IT; the time necessary to obtain a 

sustainable flame. The SET was normalized against the electrolyte mass. Each electrolyte was tested 

at least six times in order to have some statistics. The FP was determined using a MiniFlash FLP/H 

TOUCH (Grabner) within which 1 cm3 of sample was placed in a cup with a stirring magnet. The cup 

is closed during the test and as there thus is no direct flame exposure to the sample possible, the 

ignition is made by an electric arc. The FP is defined, using a heat sensor, as the lowest temperature 

at which the electrolyte produces a flammable mixture with air so that a propagating flame is 

covering at least 75% of the electrolyte surface. 

 

2.2.6   Electrochemical tests 

The electrochemical stability of the electrolytes was evaluated by cyclic voltammetry (CV) in three-

electrode Swagelok cells using a sodium metal cube slice (Aldrich, 99.95%) as counter and reference 

electrodes and an aluminum plunger as the working electrode. The sweep rate was 1 mVs-1 for all 

tests and a protocol where the voltage window is progressively opened from 0-2 V to 0-5.5 V was 

used. Battery cycling experiments were carried out in two-electrode Swagelok cells in galvanostatic 

cycling with potential limitation (GCPL) at different rates ranging from C/10 to 2C (1C being one Na+ 

inserted in one hour, corresponding to 372 mAg-1) to monitor rate capability and capacity evolution 

upon cycling. All electrochemical tests were performed using a Bio-Logic VMP3 potentiostat.  

 

3    Results and Discussions 

3.1   Physical properties 

3.1.1   Viscosity and density 

The density and viscosity measurements of both pure IL and hybrid electrolytes (Figs. 1 and 2) show 

the density to increase as a function of IL content and decrease linearly with the temperature. The 

maximum is ca. 1.5 g cm-3 for 80% IL and 10˚C regardless of the IL used. The difference between the 



pure IL electrolytes as compared to the 80% IL containing hybrid electrolytes is likely due to the 

different Na-salt concentrations.  

Figure 1: Density of 0.8 m NaTFSI in (a) ECx:PCx:BMImTFSI(1-2x) and (b) ECx:PCx:Pyr13TFSI(1-2x) as a 

function of temperature. 



 

Figure 2: Viscosities and ionic conductivities of 0.8 m NaTFSI in (a, c) ECx:PCx:BMImTFSI(1-2x) and (b, d) 

ECx:PCx:Pyr13TFSI(1-2x) as  a function of temperature. 

The observations are overall, for both concentrations and temperatures, supported by Noor et al. 

[45] and our own previous work [54]. As expected the viscosity (Figs. 2a and 2b) decreases rapidly 

when the temperature increases, while it increases with IL content. Notable is that the pure IL 

electrolytes display the highest viscosities, despite having only half the Na-salt concentration as 

compared to the hybrid electrolytes. The viscosities values all seem, based on the shape of the 

curves, to follow a Vogel-Tammann-Fulcher [69-72] (VTF) behaviour, as earlier found for other 

hybrid electrolytes [73]. 

 

3.1.2   Ionic conductivity 

When any type of IL based electrolyte is analyzed in terms of ionic conductivity, it is important to 

remember that the transport of Na+ (or Li+) charge carriers is what primarily matters. In a previous 



paper [54] some of us found the total ionic conductivity to be affected only to a minor extent by 

addition of Na-salt, whereas most of the ionic conductivity was intrinsically due to the IL cations and 

anions. Admittedly, the sizes of the Na+ charge carrying complexes in such electrolytes can be 

relatively large and also diverse, but the determination of the Na+ transport number is outside the 

scope of the present study due to this complexity. Therefore, the ionic conductivity of IL based 

electrolytes decreases progressively with the addition of a Li-salt [38, 46, 74-76] or a Na-salt [45, 54]. 

In contrast, typical ionic conductivity trends for organic solvent (e.g. EC, PC, DMC, etc…) based 

electrolytes, with local conductivity maxima at ca. 0.5-0.8 M and 1 M for Na and Li-salts, respectively 

[77, 78]. The measured ionic conductivity (Figs. 2c and 2d) and literature data for both pure Pyr13TFSI 

[79] and 1 m LiTFSI in BMImTFSI [38] electrolytes reveal similar ionic conductivities, ranging between 

2-6 mScm-1 at room temperature – again supporting the large contributions from the IL matrices. 

Moving to the hybrid electrolytes 0.8 m NaTFSI in ECx:PCx:CatTFSI(1-2x) as compared to an organic 0.8 

m NaTFSI in ECx:PCx electrolyte, the addition of 10-20% IL slightly increases the ionic conductivity 

concomitant to an increase in viscosity (Fig. 2).  

 

Again, the contribution of the IL ions must be emphasized. In contrast, at 50% IL and beyond the 

ionic conductivity decreases, most likely due to the high viscosities. A noticeable difference between 

the organic based 0.8 m NaTFSI in EC0.50:PC0.50 and the IL based 0.8 m NaTFSI in 

EC0.40:PC0.40:CatTFSI0.20 or EC0.45:PC0.45:CatTFSI0.10 is the temperature dependence, attributable to 

varying modifications of the viscosity at low and high temperatures. This is further confirmed by the 

slightly lower ionic conductivity of 0.8 m NaTFSI in ECx:PCx:Pyr13TFSI(1-2x) as compared to 0.8 m NaTFSI 

in ECx:PCx:BMImTFSI(1-2x), and its slightly higher viscosity – while they both display similar general 

trends. High electrolyte viscosity can be connected to non-negligible over-potentials, delaying the 

potential limits set by the redox reactions, and e.g. affect the sodium plating processes in IL based 

electrolytes. 

 



3.1.3   Raman spectroscopy 

Raman spectroscopy measurements were performed in order to determine: i) the species consumed 

after ignition/burning of the electrolytes, but foremost ii) the relative stability and amounts of 

different types of Na+-complexes formed in the hybrid electrolytes and details of the competitive 

cation coordination and solvation. As a common starting point, the Raman scattering cross-sections 

of the vibrational modes analysed are assumed to not be drastically modified upon cation 

coordination (Table 1) [80]. Based on this assumption the analysis of the electrolyte spectra 670-

1070 cm-1 for different EC:PC vs. IL contents, Figures 3a and 3b, can be made rather straight-forward.  

Figure 3: Raman spectra of 0.8 m NaTFSI in (a) ECx:PCx:BMImTFSI(1-2x) and (b) ECx:PCx:Pyr13TFSI(1-2x), 

between 675-1075 cm-1. 

Table 1: Associated vibrational modes to bands used in the analysis of hybrid electrolytes. 

Vibrational mode 𝝂𝑺𝑵𝑺 𝝂𝒓𝒊𝒏𝒈 𝒃𝒓𝒆𝒂𝒕𝒉𝒊𝒏𝒈 
Species TFSI Na

+
-TFSI EC Na

+
-EC 

Experimental Frequency [cm
-1

] 741±1 744±1 893±1 901±1 
Computed Raman Activity [amu Å

-4
] 20 19.2 13.7 18.3 

 



The band at 714 cm-1 is assigned to the EC ring bending mode [81-84], shifted up 10 cm-1 to 724 cm-1 

upon sodium cation coordination. The EC breathing mode is observed at 893 cm-1 [81, 85] and 

similarly the cation coordinated band is shifted up 7 cm-1 to 900 cm-1. By comparison, the Li+ cation 

coordination up-shift is 11 cm-1, hence the corresponding band is located at 904 cm-1 [80, 86]. All the 

shifted bands grow as a function of EC content and the spectra are void of any such band for the 

pure BMImTFSI based electrolyte. For PC the band at 849 cm-1 is ascribed to a complex ring bending 

style mode [87], while a band from the symmetric ring deformation mode is located at 712 cm-1 (as 

deconvoluted in our previous work [27]). The solvation contribution by the PC solvent is complex to 

determine as the effect of the Na+ cation interaction with PC is solely visible for this band [84]. As EC 

and PC share structural similarities it is, however, virtually impossible to unambiguously extract 

information on the Na+ coordination by either EC or PC using the 710- 720 cm-1 range. Thus, we 

cannot neither exclude nor confirm the participation of PC in the first solvation shell. Between 730 

and 765 cm-1 a TFSI anion mode gives rise to a band considered the best probe for studying cation 

solvation by Raman spectroscopy, with “free” TFSI anions and contact ion-pairs with Li+ located at 

742 and 746 cm-1, respectively [88-90], and similarly the contact ion-pairs with Na+ at 744-745 cm-1 

[91]. 

With decreasing EC:PC concentration in the electrolytes the relative amount of Na+-TFSI contact ion-

pairs increases, as expected, shifting the centre of the envelope to higher wavenumbers (Figs. 4a and 

4b). This shift is not only due to the modification of the EC:PC concentration, but also to the 

modification of the electrolyte permittivity [92], why the addition of IL also shift all TFSI bands to 

slightly higher wavenumbers. The areal ratio [Na+-EC/Total] increases with the addition of IL, while 

the areal ratio associated to TFSI coordination [Na+-TFSI/Total] remains constant, possibly due to a 

maximum TFSI coordinated being ca. 1/3 of the total TFSI available, while EC is relatively more active 

in coordinating Na+ as its concentration is reduced. The solvation numbers (SNs) show the addition 

of IL to: i) increase the SN of TFSI, ii) decrease the SN of EC, and iii) to decrease the total SN (Table 



2.). The latter is likely due to steric effects hindering both EC and TFSI to coordinate Na+ 

simultaneously.  

As a second part of the Raman analysis a selection of spectra of post-burnt electrolytes, 0.8 m 

NaTFSI in ECxPCxBMImTFSI(1-2x) and ECxPCxPyr13TFSI(1-2x) are presented (Fig. 4). The differences in the 

relative intensities of the EC and PC bands in the region 830-920 cm-1 (Figs. 4c and 4d) reveal the 

organic solvents to be partially and preferentially consumed.  

Figure 4:   Raman spectra of 0.8 m NaTFSI in EC:PC:IL before and after ignition (a, b) between 700-

760 cm-1, (c, d) 830-920 cm-1, and Raman bands associated to the cations (e) Pyr13 and (f) BMIm 

before and after ignition 

For the ILs the corresponding bands (Figs. 4e and 4f) relatively increase and their global shapes are 

conserved - interpreted as due to the IL cations being stable upon ignition of the electrolyte and not 

consumed. In addition, the EC solvents coordinated by Na+ (the feature at ca. 900 cm-1) are less 

ignitable/more stable than un-coordinated EC (the feature at ca. 893 cm-1) and/or the equilibrium 



shifting accordingly. The area ratios of post-burnt electrolytes are always larger than for the original 

electrolytes for similar total SNs (Table 2).  

Table 2: Solvation number analysis of hybrid electrolytes for two different types of ILs before and 

after burning. 

  𝑨𝑵𝒂+−𝑬𝑪

𝑨𝑻𝒐𝒕𝒂𝒍
 𝑨𝑵𝒂+−𝑻𝑭𝑺𝑰

𝑨𝑻𝒐𝒕𝒂𝒍
 𝑺𝑵𝑬𝑪 𝑺𝑵𝑻𝑭𝑺𝑰 𝑺𝑵𝑻𝒐𝒕𝒂𝒍 

Original      

0.8 m NaTFSI in:      

EC
0.45

PC
0.45

BMImTFSI
0.10

 0.41 0.27 2.16 0.35 2.52 
EC

0.25
PC

0.25
BMImTFSI

0.50
 0.47 0.31 1.42 0.79 2.21 

EC
0.10

PC
0.10

BMImTFSI
0.80

 0.54 0.31 0.67 1.07 1.73 

 
        

 EC
0.45

PC
0.45

Pyr
13

TFSI
0.10

 0.37 0.30 1.98 0.40 2.38 
EC

0.25
PC

0.25
Pyr

13
TFSI

0.50
 0.55 0.27 1.71 0.70 2.41 

EC
0.10

PC
0.10

Pyr
13

TFSI
0.80

 0.58 0.34 0.72 1.20 1.92 

 
        

 Post-burnt         
 0.8 m NaTFSI in:         
 EC

0.45
PC

0.45
BMImTFSI

0.10
 0.72 0.48 1.56 0.64 2.21 

EC
0.25

PC
0.25

BMImTFSI
0.50

 0.61 0.59 0.58 1.49 2.07 
EC

0.10
PC

0.10
BMImTFSI

0.80
 0.62 0.58 0.17 2.00 2.16 

 
        

 EC
0.45

PC
0.45

Pyr
13

TFSI
0.10

 0.58 0.43 1.91 0.57 2.48 
EC

0.25
PC

0.25
Pyr

13
TFSI

0.50
 0.82 0.66 1.31 1.69 3.00 

EC
0.10

PC
0.10

Pyr
13

TFSI
0.80

 0.88 0.58 0.39 2.05 2.43 
 

  



3.2   Electrochemical tests 

3.2.1   Cyclic voltammetry 

Cyclic voltammetry was performed both to determine the useful ESW and to assess the feasibility of 

sodium metal plating/stripping. The CVs of the pure IL based electrolytes (Fig. 5) display low currents 

at low potentials, indicative of good stabilities upon reduction, with values that diminish upon 

successive cycles. This is ascribed to a surface passivation related to formation of a solid electrolyte 

interphase (SEI) as already reported for imidazolium IL based electrolytes containing TFSI [93-96]. At 

high potentials the behaviour is somewhat different for the three electrolytes. For the 0-5.5 V vs. 

Na+/Na0 CV, some waves are observed upon reduction which are not present in the 0-4.5 V vs. 

Na+/Na0 CV. These are ascribed to reduction of products previously produced by oxidation. In 

agreement with the larger oxidative stability of the Pyr13TFSI based electrolyte, the magnitude of the 

waves is smaller. 

 

Figure 5:   CVs of Pyr13TFSI, EMImTFSI, and BMImTFSI based electrolytes (0.8 m NaTFSI) between (a) 

0-4.5 V vs. Na+/Na0 and (b) 0-5.5 V vs. Na+/Na0. 

No evidence of corrosion of the aluminum plunger working electrode is observed for any of the pure 

IL electrolytes, in agreement with Peng et al. and Garcia et al. [97-99]. For the high potential limit, it 

is known that ILs containing TFSI have a positive effect on reducing the aluminium corrosion [38, 99-

103]. The presence of ILs in the electrolyte composition shifts the corrosion potential of Al to a 



higher voltage; from 3.5 to 4.0 V vs. Na+/Na0 (Fig S1, Supplementary Information), as already 

observed by Kuhnel et al. [103] for Pyr-based ILs. In order to ascertain whether the SEI formed 

enables Na+ diffusion and sodium deposition/plating, CVs with an even lower cut-off potential (-0.5 

V vs. Na+/Na0) were performed (Fig. 6). For a 1 M NaTFSI in PC electrolyte, already studied by 

Ponrouch et al. [104], the oxidation starts at ca. 3.5 V vs. Na+/Na0. However, no evidence whatsoever 

for sodium plating was found, possibly due to the formation of a film not permeable for sodium ions 

or decomposition of organic cations and/or TFSI anions. 

 

Figure 6:   CVs for (a) the pure ILs Pyr13TFSI, EMImTFSI, and BMImTFSI, and (b) 0.8 m NaTFSI hybrid 

electrolytes, for -0.5-3 V vs. Na+/Na0.  

The CVs for hybrid electrolytes rich in IL (Fig. S2, Supplementary Information) showed the same 

trends as for pure IL both in terms of ESW and absence of sodium plating/stripping. The absence of 

reversible sodium deposition could be due to the TFSI anion as FSI based IL electrolytes have been 

shown to reversibly deposit Li+ and Na+ upon cycling [105]. In addition, corrosion of the aluminum 

plunger working electrode was observed coupled to the introduction of the organic solvents. In 

contrast, the CVs for hybrid electrolytes rich in organic solvents indicate that Na plating/stripping 

takes place, i.e. for 0.8 m NaTFSI in EC0.40:PC0.40:BMImTFSI0.20, EC0.40:PC0.40:EMImTFSI0.20, and 

EC0.45:PC0.45:Pyr13TFSI0.10 in the -0.5-3 V vs. Na+/Na0 window (Fig. 6b). Ideally the process should have 

an onset potential as close as possible to 0 V vs. Na+/Na0 and 100% Coulombic efficiency (CE), and 



the best hybrid electrolyte, 0.8 m NaTFSI in EC0.45:PC0.45:Pyr13TFSI0.10, has an onset potential of ca. -

0.27 V vs. Na+/Na0 and a CE >84%. Overall, the better Na plating/stripping performance for 

electrolytes richer in organic solvents is most likely related to the SEIs formed having different 

compositions, enabling sodium ion permeation – supported by previous reports on the effect of 

organic solvent addition to IL based electrolytes [95, 106, 107]. In view of these results, the 0.8 m 

NaTFSI in EC0.45:PC0.45:Pyr13TFSI0.10 hybrid electrolyte was selected for further studies involving active 

electrode materials. 

3.2.2   Galvanostatic cycling with potential limitation (GCPL) 

The GCPL potential vs. capacity profiles, at C-rates ranging from C/10 to 2C using the 0.8 m NaTFSI in 

EC0.45:PC0.45:Pyr13TFSI0.10 hybrid electrolyte and the HC based electrode, are presented in Fig. 7. In 

both the C/10 and C/5 cases a linear potential decay is observed followed by a low potential pseudo-

plateau at ca. 50 mV vs. Na+/Na0. According to Stevens and Dahn [68], the first step corresponds to 

the insertion of Na+ between graphene layers of HC, while the plateau can be associated to the 

adsorption of Na+ within the HC pores.  

In Fig. 7a, the capacities as a function of cycle number at various C-rates are displayed together with 

the CEs. The 1st cycle – shown – exhibits a large irreversible capacity leading to a CE of 40%, while for 

the subsequent seven cycles the capacity was found to only slightly decrease with concomitant 

increase in the CE, indicative of continuous SEI formation. After these few cycles the capacity 

stabilizes at 182 mAhg-1 at C/10 with a CE of ca. 96%. The CE is low for the hybrid electrolytes 

suggesting that the passivation of HC in the presence of an IL is not as efficient as in pure organic 

solvent based electrolytes, urging for further in depth analysis of the SEI formed. For higher C-rates 

lower capacities are obtained; ca. 132 and 92 mAhg-1 for 1C and 2C, respectively. This trend has been 

rationalized by some of us as being directly related to the IR drop of the cell; ca. 90 and 130 mV for 

1C and 2C, respectively, which is very detrimental for the performance for a low working voltage 

electrode active material such as HC [108, 109]. Overall a significant capacity retention and a specific 

capacity of 182 mAhg-1 at C/10 after 40 cycles was achieved. This is almost on par with the 200 



mAhg-1 found in the literature for using organic electrolytes such as 1 M NaTFSI in EC:PC [104], while 

Komaba et al. reported an as high value as 240 mAhg-1 over 100 cycles using a 1 M NaClO4 in PC 

electrolyte [110].  

 

Figure 7: (a) Potential vs. capacity profiles at different rates for HC of 0.8 m NaTFSI in 

EC0.45:PC0.45:Pyr13TFSI0.10 and (b) coulombic efficiency and discharge capacity vs. cycle numbers for HC 

electrodes tested at C/10, C/5, 1C, and 2C vs. 0.8 m NaTFSI in EC0.45:PC0.45:Pyr13TFSI0.10. 

 

  



3.3   Safety tests 

In Fig. 8 the FP, IT, and SET are reported for all hybrid electrolytes and for some of the references. 

When carrying out an FP test aimed at describing battery application safety an analysis of an open 

system is less suited (as batteries usually are sealed). There is thus a trade-of between simplicity of 

set-up – direct contact of a flame on the sample – and the usefulness and interpretation of the 

results. Indeed, the mixture of dispersed gaseous materials can be ignited in air only if the fuel 

concentration is within flammability limits. For pure ILs the upper flammability limit can readily be 

passed in a closed system, why these will not ignite, as already described by Shimizu et al. [111], but 

in an open system it indeed would. Therefore, a closed system has been used to better mimic a 

sealed battery.  

For a fixed IL content similar FPs are obtained for both the Li and Na based electrolytes. As expected, 

significantly higher FPs were obtained for the EC:PC as compared to the EC:DMC based electrolytes, 

most probably due to the high volatility of DMC. Indeed, the EC:PC based electrolytes have FPs of ca. 

140°C for IL contents of 20% or below (regardless of the nature of the IL cation) and the FP increases 

with the IL content, reaching 180°C for 80% IL. The FPs for the pure BMImTFSI and Pyr13TFSI IL based 

electrolytes could not be recorded as the apparatus is limited to 200°C. The increase in FP as 

function of IL content indicates that the IL inhibits the vaporization and decomposition of organic 

solvents, reducing the ignitable content in the vapor. 

Moving to the IT as a function of IL content (Fig. 8b) there is almost no influence of the salt nature (Li 

vs. Na) for electrolytes with >10% IL. In contrast, for electrolytes with <10% IL the IT changes from 10 

to 18 s for Li and Na, respectively. Again, the EC:PC based electrolytes are safer as compared to the 

EC:DMC based electrolytes such as LP30; only 2 s are needed to ignite the latter as compared to a 

minimum of 10 s for the former electrolytes. It was impossible to at all ignite the electrolytes with 

80% IL content or more. Finally, the choice of IL cation does not seem to have an impact on the IT. 



 Figure 8:   (a) FP, (b) IT, and (c) SET for 0.8 m NaTFSI and LiTFSI – all as a function of IL content. 

Reference data for 1 M MPF6 in EC:DMC (M=Na, Li) represented by horizontal lines. 

 

  



The SET measurements have large systematic errors and uncertainties (Fig. 8c), but still the data 

obtained are consistent, exemplified by our results for LP30 being comparable to those reported by 

Xu and Lombardo [58, 62, 67]. Again, comparing first Na and Li based electrolytes, for low IL 

contents the Na based electrolytes exhibit shorter SETs, while for higher IL contents there is no 

significant difference obtained. This could be related to differences in the stabilities and/or the 

nature of the complexes formed with Na+ as compared to Li+, delaying and/or reducing the 

flammable compounds/radicals transported to the vapor phase. The general trend is that the SET 

decreases more or less linearly with the addition of IL, but initially, when going from a fully organic 

electrolyte to a hybrid electrolyte with only 2% IL the SET is reduced by 50%. No significant 

differences were observed based on the IL nature. Additionally, the final mass loss after ignition of 

all samples correspond to 50-60% of the EC:PC, assuming the ILs are not consumed. 

 

Conclusions 

The addition of the ILs BMImTFSI, EMImTFSI, and Pyr13TFSI to organic EC:PC SIB electrolytes all show 

positive trends in several properties of interest; the improved safety and the electrochemical 

properties being the most significant features. The total ion conductivities of the hybrid electrolytes 

are similar to organic electrolytes as long as the IL content is kept below 20%, but as more IL is 

added, the ion conductivity decreases due to an increased viscosity. Based on the IT, SET and FP 

results, the presence of an IL in the electrolytes improves their safety. With 80% of IL the FP has 

increased by 40°C, while the IT analysis shows that the ILs behave as retardants. In addition, the SET 

is reduced by half by the introduction of only 2% of IL. The solvation and coordination analysis show 

that the IL cations and TFSI anions remain stable upon ignition, while the organic solvents are 

consumed. Moreover, the sodium cation first solvation shell is modified depending on the 

electrolyte composition. Finally, good capacity retention was obtained for HC with hybrid 

electrolytes showing a specific capacity of 182 mAhg-1 at C/10 after 40 cycles. 
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Glossary: 

BMImTFSI          1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

CV  Cyclic voltammetry 

DMC  Dimethyl carbonate 

DSC                      Differential scanning calorimetry  

EC  Ethylene carbonate 

EMImTFSI          1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

EV  Electric vehicle 

FP  Flash point 

GCPL  Galvanostatic cycling with potential limitation 

HC  Hard carbon 

HEV  Hybrid electric vehicle 

IL                          Ionic liquid 

Im  Imidazolium 

IT  Ignition time 



LIB  Lithium-ion battery 

PC  Propylene carbonate 

Pyr  Pyrrolidinium 

Pyr13TFSI N-propyl-N-methyl-pyrrolidinium bis(trifluoromethylsulfonyl)imide 

SET  Self-extinguishing time 

SIB  Sodium-ion battery 

SN  Solvation number 

Tg                          Glass transition temperature 


