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Abstract  

 

Electrolytes are key components of Li/O2 batteries. The ionic liquid-like structure and good 

electrochemical and thermal stability of solvent-in-salt electrolytes make them of great interest 

for lithium batteries. Solutions of lithium bis(trifluoromethanesulfonyl)imide in tetraethylene 

glycol dimethyl-ether with molar ratios ranging from 1:9 to 1:0.9 are here investigated. A 

voltammetric study of oxygen redox reaction in presence of different concentrations of salt, from 

salt-in-solvent to solvent-in-salt solutions, is reported here for the first time along with a novel 

luminescence method for the evaluation of O2 solubility. The results indicate that 

superconcentrated solutions favor the solution formation mechanism of Li2O2 during discharge 

*Revised Manuscript (including Abstract)
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which in turn is beneficial for battery cycling stability. Despite the higher viscosity of solvent-in-

salt solutions than conventional electrolytes, O2 solubility is improved at the highest salt 

concentrations. These findings contribute to understand electrochemical processes in solvent-in-

salt solutions for Li/O2 and next generation metal-based batteries.  

 

Keywords: Cyclic voltammetry; oxygen redox reaction; solvent-in-salt solution; Li/O2 battery; 

superconcentrated solution; oxygen solubility; luminescence quenching. 

 

1. Introduction  

In recent years, the very high theoretical specific energy of Li/O2 batteries, comparable to 

gasoline value, has attracted the interest of researchers [1]. The oxygen redox reaction (ORR) in 

non-aqueous electrolytes involves the formation of lithium superoxide (LiO2) that evolves to 

lithium peroxide (Li2O2) via chemical disproportion and electrochemical processes [2]. 

Discharge products and mainly superoxide are highly reactive species that cause electrolyte and 

carbon cathode degradation [3-5]. Insoluble Li2O2 clogs the cathode surface during battery 

discharge and brings about high recharge overpotentials. Battery cycling stability is, therefore, 

affected by electrolyte chemical and electrochemical stability and by the electrode passivation 

with solid Li2O2 [6, 7]. Electrolytes in Li/O2 batteries have to be resistant towards the superoxide 

(O2
·-
) and peroxide (O2

2-
) ions formed during discharge, should feature good oxidative resistance, 

high O2 solubility and mass transport, and should be engineered in order to promote the Li2O2 

solution formation mechanism vs. the surface growth [6, 8-11].
 
Indeed, the formation in solution 

of Li2O2 particles that, then, agglomerate on the electrode as large clusters keeps part of the 
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carbon surface free from passivation. This enables high discharge capacities. Instead, surface 

growth mechanism produces highly passivating thin film on electrode surface that accelerates 

cell death [3, 6, 12]. The two mechanisms are driven by the stability of the superoxide anion in 

solution, which in turn depends on solvent donor number (DN) and on electrolyte cation Lewis 

acidity [13,14].
 
High-DN solvents and soft Lewis acid cations promote the solution mechanism 

and stabilize the superoxide (soft Lewis base). Low-DN solvents and hard Lewis acid cations, 

like free Li
+ 

ions, facilitate the surface mechanism and superoxide disproportionation to peroxide 

(hard Lewis base) [6, 12, 15, 16].
 
Solution of lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI) in tetraethylene glycol dimethyl-ether (TEGDME) and 1-butyl-1-methylpyrrolidinium 

bis(trifluoromethanesulfonyl)imide (PYR14TFSI) ionic liquid (IL) are known for their wide 

electrochemical stability window, high chemical oxidation stability, high compatibility with Li 

metal, high Li
+
 ion transport rate and good oxygen transport properties, which are key features 

for a Li/O2 battery [17,18]. TEGDME is of particular interest for its low dielectric constant that 

favors oxygen solubility [19].
 
Table 1S compares dielectric constant, viscosity, O2 solubility and 

DN of solvents commonly used in lithium battery electrolyte formulations. Recently, “solvent-

in-salt” (SIS) solutions, featuring salt-to-solvent ratio in weight or volume greater than 1, have 

been proposed as key electrolytes for lithium batteries, including Li/S and Li/O2 batteries [20-

24]. Mandai et al. proposed SIS electrolytes based on LiTFSI in TEGDME and demonstrated 

that when the salt-to-solvent molar ratio approaches 1:1 the solutions have an IL-like structure 

with independent [Li(glyme)1]
+
 cation complexes and TFSI

-
 anions, as shown in the right side of 

Figure 1 [25].  

 

<Figure 1 > 
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Li et al. explored solutions with different LiTFSI-to-TEGDME molar ratios in the range 1:7 to 

1:1 in Li/O2 cells [22]. The best capacity retention and discharge voltage stability was achieved 

at the 1:5 ratio, out of the SIS range. This ratio was considered the best compromise to alleviate 

the reactivity of O2
·-
 with both the free glyme (at lower molar ratios) and the glyme of the 

[Li
+
(glyme)1···O2

·-
] complex (at higher molar ratios). The study mainly relied on galvanostatic 

charge/discharge performance of 2-electrode Li/O2 cells, where both cathode and anode 

processes play a role. Lithium is expected to affect cell performance, too, and solid electrolyte 

interface (SEI) stability at the lithium metal anode has been demonstrated to improve by the use 

of SISs [23,24]. However, the work by Li et al. did not include a specific electrochemical study 

of cathode ORR reactions [22].  

There is no general acceptance on the mechanism of ORR in a wide range of salt concentrations 

in aprotic solvents. This work addresses this issue by a voltammetric study in LiTFSI-TEGDME 

solutions in both the salt-in-solvent and SIS regions. The study is supported by a luminescence 

method for the evaluation of O2 solubility.  

 

2. Experimental 

2.1 Materials and chemical-physical characterization of the solutions 

Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, ≥99%, Aldrich) and tetraethylene glycol 

dimethyl ether (TEGDME, 99%, Aldrich, 20 ppm of H2O) were both used as received. The 

LiTFSI-TEGDME solutions were prepared and stored in dry box (MBraun, O2 and H2O < 1 

ppm). The physical chemical characterization comprises density and viscosity measurements, 

ionic conductivity tests and thermogravimetric analyses. The density was calculated after 

weighting three volumetric flasks with 5 mL of each solution (class A glassware, uncertainty ± 
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0.025 ml) at a temperature of 22°C ± 1°C and atmospheric pressure (0.1 ± 0.01 MPa). Viscosity 

was measured using a ViscoClock unit combined with a Micro-Ubbelohde viscometer (SI 

Analytics) at 22°C ± 1°C and atmospheric pressure (0.1 ± 0.01 MPa). A capillary with a 

diameter of 0.53 mm was used for solutions from 0 to 2 m, instead a larger capillary (Ø 0.96 

mm) was used from 3 m to 5 m solutions. The accuracy on the flow time is 0.01% with 95% 

confidence level. Ionic conductivity was investigated in the range -20°C/80°C. It was measured 

by CDM 210 Conductivity Meter (MeterLab) with an Amel standard cell (platinum electrodes). 

The temperature was controlled by a Haake DC50 K40 thermocryostat with an accuracy of 

0.1°C. Samples were thermostated for 1h before every measurement. Thermal weight loss 

temperature was detected with a TA Instruments Q50 thermogravimetric apparatus. Every 

sample was heated from room temperature to 500°C at the scan rate of 10 °C/min under argon 

flow. The instrument sensitivity is of 0.1 μg.  

 

2.2 Electrochemical study 

ORR in different electrolytes was investigated by cyclic voltammetry at glassy carbon electrode 

(GCE, 3 mm diameter) in a 5 mL cell that was thermostated at 30 °C by a Huber CC304 

thermostat. The GC was polished with alumina paste on a Selvyt cloth before each scan, except 

for the stability test when the experiments were run continuously. A Li counter electrode 

(separated from the solution by a porous frit) was used while the reference electrode was a silver 

wire in 6x10-2 M AgTFSI (97%, Aldrich)-PYR14TFSI; the reference electrode potential was 

checked vs. lithium and the working potentials are reported vs. the Li+/Li couple. Oxygen 

(>99.999%, SIAD) was bubbled through the cell for at least 30 min before starting the analyses 

and was continuously flowed during the experiment. The electrochemical tests were performed 
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with a PerkinElmer VSP multichannel potentiostat/galvanostat. The voltammetric scans were 

corrected for the uncompensated resistance which was evaluated by electrochemical impedance 

spectroscopy at 10 kHz.  

Galvanostatic measurements were performed with carbon paper (CP, Spectracarb 2050, 

Spectracorp, 0.5 cm2) working electrodes dried under vacuum at 120°C overnight before use. 

During the measurement, the electrolyte was stirred and continuously fed with O2. 

 

2.3 Oxygen solubility by luminescence lifetime analysis 

Oxygen solubility in LiTFSI-TEGDME electrolytes was evaluated by exploiting tris(2,2′-

bipyridyl)dichlororuthenium(II) hexahydrate (Ru(bpy)3Cl2, 99.95%, Aldrich) as a probe [26, 27]. 

This very well-known metal complex presents a luminescence centred ad 610 nm (in water), 

with a metal to ligand charge transfer (MLCT) and triplet character. The luminescence intensity 

and lifetime are largely affected by the presence of molecular oxygen in solution that acts as a 

quencher [28, 29]. If luminescence quenching is purely diffusional, the luminescence lifetime 

(and intensity) is determined by the quencher concentration following a relation quantitatively 

expressed by the Stern-Volmer equation (Eq. 1) [30]: 

 

  
                      (1) 

where τ and τ0 are the lifetime of the luminophore in presence and absence of the quencher, 

respectively, and kq is the quenching constant. Quenching is strongly influenced by diffusion of 

the quencher (O2) and luminophore, in turn related to the viscosity of the sample by the Stokes-

Einstein equation. The quenching constant corrected for the diffusional terms is described by Eq. 

(2).  
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       (2) 

where γ is the quantic efficiency, close to 1 for a quencher like O2, NA is the Avogadro number, 

kB the Boltzmann constant, Rf and Rq the radii of the metal complex (Ru(bpy)3
2+, 6.5·10-10 m) 

and the quencher (O2, 1.21·10-10 m), T the absolute temperature, and η the viscosity. The Stokes-

Einstein equation holds only for viscosities lower than 125 cP, therefore equation (2) was not 

used for the 5m solution case [30-32]. 

The optical measurements were made in solutions of 10-5 M Ru(bpy)3Cl2 in 0, 0.5, 1, 2, 3 and 5 

molal LiTFSI-TEGDME electrolytes. The quenching experiments were carried out after 

bubbling O2 for 30 minutes into the cuvette containing Ru complex. Luminescence decay was 

found not to show further changes upon longer O2 exposure time. UV-vis absorption spectra 

were recorded at 25 °C by means of Perkin-Elmer Lambda 45 spectrophotometer. Quartz 

cuvettes with optical path length of 1 cm were used. The fluorescence spectra were recorded with 

an Edinburgh FLS920 equipped with a photomultiplier Hamamatsu R928P. The same instrument 

connected to a PCS900 PC card was used for the TCSPC experiments to record the time-resolve 

emission decay [33].  

 

3. Results and Discussion 

Table 1 reports the salt concentrations and salt-to-solvent molar ratios of the investigated 

solutions, i.e. 0.5, 2.0, 4 and 5 mol/kg corresponding to 1:9, 1:2.3, 1:1.1 and 1:0.9 molar ratios, 

along with the corresponding density, viscosity, and conductivity values at room temperature and 

thermal weight loss temperature. The LiTFSI:TEGDME molar ratio of the 4m solution is 1:1.1, 

therefore a 10% excess of glyme vs. Li+ is present. The molar ratio of the 5m solution is 1:0.9 

which means there is a 10% excess of LiTFSI vs. solvent. These differences in the molar ratios 
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dramatically affected viscosity while keeping ionic conductivity at good values. Indeed, the 

conductivity at room temperature changes from 1.4 mS/cm for the 4m solution to 0.7 mS/cm for 

the 5m electrolyte, with a change of viscosity from 90 cP to 550 cP, respectively. Noticeably, the 

ion conductivity of the 5m solution, despite its high viscosity, is of the same order of magnitude 

of that of the salt-in-solvent solutions presenting viscosities in the range 7-90 cP. This 

experimental evidence suggests that the peculiar IL-like structure of the SIS solutions may bring 

about different ion conduction mechanisms with respect to classical electrolytes [20, 21, 23].. 

 

<Table 1> 

 

Cyclic voltammetry is a powerful tool to get insight into ORR process mechanisms. Cyclic 

voltammetries were carried out with a glassy carbon electrode (GCE) in O2 saturated solutions 

and the cyclic voltammograms (CVs) at 20 mV s
-1

 are reported in Figure 2; Table 2 reports key 

CV parameters and summarizes the reduction and oxidation potentials, currents and charge in 

0.1, 0.5, 2, 4 and 5 molal LiTFSI-TEGDME.  

 

<Figure 2>  

 

<Table 2> 

 

The CVs have almost the same shape and they reveal that ORR is electrochemically irreversible 

in all the investigated TEGDME-LiTFSI solutions. The reduction peak around 2 V vs Li
+
/Li is 
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related to O2 reduction to superoxide (eq. 3), which in turn gives Li2O2 by chemical dismutation 

(eq. 4) and/or electrochemical reduction (eq. 5): 

O2 (sol) + e
-
 + Li

+
 (sol)  LiO2 (sol)  (3) 

2 LiO2 (sol)  Li2O2 (s) + O2 (sol) (4) 

LiO2 (sol) + e
-
 + Li

+
 (sol)  Li2O2 (s) (5) 

 

The broad oxidation peak around 3.5 V vs Li
+
/Li is attributed to Li2O2 reoxidation to O2 (eq. 

6)[34]: 

 

Li2O2 (s)  O2 (sol) + 2 Li
+
 (sol) + 2 e

-
 (6) 

 

The presence of both electrochemical and chemical steps makes the study of ORR in the 

investigated electrolytes challenging. It requires an in depth analysis of the evolution of the 

processes moving from low to high concentrated solutions. Such analysis can be performed by 

studying the evolution of the CV peak potentials and currents. 

The CVs reported in Figure 2a for 0.1, 0.5 and 2m LiTFSI-TEGDME show a shift of the 

reduction wave to more positive potentials and an increase of Ip,red. In oxidation, there is a small 

shift of the wave towards more negative values while Ip,ox still increases. These trends, and 

specifically the Ered shift, are attributed to the increase of Li
+
 concentration and explained 

referring to the Li
+
 hard Lewis acidity. According to the Hard Soft Acid Base (HSAB) theory, 

soft Lewis acid cations stabilize the soft Lewis base superoxide anion while hard Lewis acid 

cations, like Li
+
, have an higher affinity with hard Lewis bases like O2

-2
 and promotes 

superoxide dismutation to peroxide (eq. 4). Therefore, ORR is a quasi-reversible monoelectronic 
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process involving the O2/O2
·-
 redox couple in Li

+
 free electrolytes featuring soft Lewis base 

cations. This is the case of ORR in IL like PYR14TFSI, where O2 reduction takes place at 1.75 V 

vs Li
+
/Li and reoxidation is at 1.9 V vs Li

+
/Li (Figure 1S). Superoxide is unstable in presence of 

lithium salt and a chemical reaction, i.e. superoxide dismutation to peroxide, follows the first 

electrochemical reduction step (eq. 3) bringing about the formation of insulating Li2O2 on the 

electrode (eq. 4) [34-36]. The overall results are: i) ORR becomes electrochemically irreversible, 

ii) the main CV reduction peak potential Ered is shifted to more positive values (as expected for 

chemical reactions following the electrochemical step), iii) CV peak currents decrease, and iv) 

the superoxide oxidation peak disappears being replaced by the broader peroxide oxidation peak 

displaced towards more positive potentials [37]. This is clearly highlighted by the comparison of 

the CVs obtained in PYR14TFSI with and without LiTFSI that are reported in Figure 1S. 

Accordingly, it can be argued that the anticipation of the reduction wave moving from 0.1m to 

0.5m LiTFSI in TEGDME (Figure 2a) is due to the increase of Li
+
 concentration that favors the 

chemical dismutation reaction (eq. 4) that follows the electrochemical step (eq.3) and that yields 

O2 (sol) and Li2O2(s). This takes also to other two consequences: i) to a higher O2 concentration 

at the electrode/electrolyte interface with respect to the bulk and, hence, to a higher Ip,red (like in 

an irreversible catalytic reaction, following a reversible charge transfer) [38]
 
and ii) to a higher 

amount of Li2O2 (s) that can be reoxidized during the following anodic scan. This also brings 

about formed during O2 reduction determining the enhancement of higher Ip,ox currents because 

Li2O2 is the oxidation reaction reactant (eq. 6). 

It has to be highlighted, however, that the Ered and Ip,red of the CVs in 2m LiTFSI do not differ 

from those in the 0.5m solution. Unexpected results are also obtained with more concentrated 

solutions. Figure 2b reports the CVs obtained in 2m, 4m and 5m electrolytes. At 4m and 5m 
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LiTFSI, the Ered shifts towards more negative values and Ip,red decreases with respect to the 2m 

and 0.5m cases (cfr. Figure 2b and Figure 2a). This can be explained by taking into account that 

Li
+
 ion complexation by glyme molecules starts to be effective. Even if more Li

+
 cations are 

present with respect to the 0.5m, their Lewis acidity is softened by glyme coordination. The 

[Li(glyme)1]
+
 complex stabilizes superoxide and makes the chemical dismutation less 

pronounced. Consequently, the amounts of O2  and Li2O2 that are produced at the electrode 

interface by chemical disproportion (eq. 4) are lower. Given that in the 4m and 5m solutions the 

amount of the reduction reactant at the electrode surface, i.e. O2, is lower, the values of the 

reduction currents Ip,red are lower, too, as shown by the CVs in Figure 2b.  

On the other hand, the oxidation currents Ip,ox are related to the amount of the oxidation reactant, 

i.e. Li2O2 deposited/adsorbed at the electrode surface, which in turns relates to superoxide 

stability (eq 4) and to electrolyte viscosity. The notable increase of viscosity moving from 0.5m 

to 2m solutions (7 cP and 31 cP, respectively, see Table 1) causes the confinement of Li2O2 near 

the electrode surface and the increase of Ip,ox (Figure 2a). At concentrations higher than 2m 

(Figure 2b), Ip,ox does not change because the lower amount of Li2O2 at the electrode surface, 

formed by eq. 4, is balanced by the higher solution viscosity which impedes diffusion of Li2O2  

from the electrode to the electrolyte bulk. 

The higher stability of superoxide and the lower concentration of Li2O2 at the electrode surface 

in SIS are expected to be beneficial to suppress film growth on the electrode surface and to favor 

solution formation which, however, also depends on the adsorption strength of Li2O2 on the 

electrode surface. As it concerns reoxidation of ORR products the enhancement of Ip,ox at 2m vs 

0.5m (Figure 2a) could be attributed to the notable increase of viscosity (31 cP and 7 cP, 

respectively , see Table 1) that causes an higher confinement of the Li2O2 (the oxidation reactant) 
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near the electrode surface. At concentrations higher than 2m (Figure 2b), Ip,ox does not change 

because the lower amount of Li2O2 at the electrode surface is balanced by the higher solution 

viscosity. Furthermore, the values of Eox of 2m-5m solutions (3.26, 3.25, 3.27 V vs Li
+
/Li) are 

lower than those of the 0.5m (3.32 V vs Li
+
/Li), suggesting that the adsorption of Li2O2 on the 

electrode surface is less efficient at the highest salt concentrations [37].  

The strength of the interaction of Li2O2 with the electrode surface can be evaluated by the 

analysis of the oxidation peak potentials. A strong adsorption of the oxidation reactant results in 

a shift towards high potentials of the anodic peak [37]. The values of Eox of 2m-5m solutions 

(3.26, 3.25, 3.27 V vs Li
+
/Li) are lower than those of the 0.5m (3.32 V vs Li

+
/Li) and this 

suggests that the adsorption of Li2O2 on the electrode surface is weaker at the highest salt 

concentrations.  

Further insight into the nature of Li2O2 formed at the electrode surface can be get by the 

analysis of the CV peak currents (Ip) with the scan rate (vscan). Indeed, in the case of strongly 

adsorbed reactants, the peak currents linearly increase with vscan (like for a surface reaction). For 

processes involving species in solutions and controlled by mass transport, the peak currents 

linearly increase with the square root of vscan [37].  

The CVs at different scan rates and the trends of Ip  with vscan in the investigated electrolytes 

are reported in the SI (Figure 2S and Figure 3S). Table 2 reports the slopes of the Log Ip vs Log 

vscan plots for the reduction and oxidation peaks (slopered and slopeox). The values of slopered are 

ca. 0.6-0.7 for all the different concentrations of Li
+
 salt, confirming that the process is limited 

by the diffusion of the reactant (e.g. O2) in solution (Figure 3S a) [37]. Instead, the values of 

slopeox at the lowest concentrations (0.1m and 0.5m) are ca. 0.9 . This indicates that the anodic 

process is a surface reaction that can be identified with the oxidation of Li2O2 that was 
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previously formed during the cathodic scan (eq. 6) as a solid product strongly absorbed at the 

electrode surface [37]. It is worth noting that for the highest concentrations (2, 4 and 5m), the 

oxidation peak current tends to be proportional to the square root of the scan rate (slopeox 

decreases to ca 0.7), thus suggesting that in these cases, oxidation is prone to lose the finger print 

of a surface reaction and be more like a process controlled by mass transport of reactants (Li2O2 

included) in solution. This is an additional evidence that oxidation reaction in SIS involves 

particles of Li2O2 which are weakly adsorbed on the electrode surface. It supports the idea of a 

different nature of Li2O2 formed at the electrode in the different electrolytes. 

All together the above reported observations suggest that Li2O2 production process changes from 

a surface growth to a solution formation mechanism moving from salt-in-solvent to SIS 

solutions. This conclusion is supported also by the data in Figure 2c that shows the trend of the 

O2 reduction charge (Qred) over repeated CV cycles at 20 mV s
-1

 that were performed without 

cleaning the GCE between subsequent scans: charge retention is higher for 4m and 5m solutions 

than for 0.5m and 2m. This could be also explained considering that in equimolar solutions no 

free solvent molecules are present, hence the glyme is less available for degradation side 

reactions [38]. Therefore, the superconcentrated solutions may improve the Li/O2 cycling 

performance. 

The high viscosity of 4m and 5m solutions should not be taken as a limit for their use. Indeed, 

Figure 2 shows that ORR peak currents, hence ORR kinetic rates, are similar to those of the 

diluted solutions. The peak currents are related to the concentration (C) and diffusion coefficient 

(D) of O2, which is the redox active species [39]. It is reasonable to assume that D decreases with 

electrolyte viscosity and salt concentration increase. Therefore, a corresponding augment of C 

that balances the mass transport delay is expected. Such increase of C might be explained taking 
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into account that a higher LiTFSI molality corresponds to a higher fluorine content, which is 

known to favor O2 solubility [35, 40, 41].
  

An accurate voltammetric evaluation of C and D is not possible in the investigated electrolyte set 

because, as commented above, the mechanism of ORR is prone to change with the lithium salt 

concentration. Correct C and D values by CV analysis would require specific current functions 

as proposed by Nicholson and Shain, not available, that take into account the different rate of the 

irreversible chemical reaction (LiO2 dismutation, eq. 4) following the electrochemical step (eq. 

3) for the various electrolytes [39].  

Figure 3 reports the galvanostatic discharge at 0.05 mA cm
-2 

of a Li/O2 cell with carbon paper 

cathode, lithium anode and different O2-saturated LiTFSI-TEGDME electrolytes. The CP was 

not coated by any porous carbon or catalyst in order to make the system as simple as possible, 

and to focus the measurement only on any electrolyte effect. The solutions were stirred in order 

to level and improve the low O2 mass transport rate which is related to the different viscosity of 

the media. Note that the use of a flowable O2 catholyte has been already demonstrated to be a 

valuable approach to achieve high discharge current in flow Li/O2 batteries [42, 43]. The CP 

potentials in Figure 3 increase by 200 mV, i.e. from 2.52 to 2.72 V vs Li
+
/Li, moving from 0.5m 

to 5 m, therefore further supporting a higher solubility of O2 at the highest salt concentration. 

 

<Figure 3> 

 

The value of C was determined by a non-electrochemical method. Specifically, luminescence 

studies were performed for the first time to evaluate O2 solubility in electrolytes for lithium 

batteries. The luminescent metal complex tris(bipyridine)ruthenium chloride (Ru(bpy)3Cl2) was 
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used as a probe since its luminescence intensity and lifetime are largely affected by the presence 

of O2 in solution [28, 29].  

Figure 4 reports the emission spectra of 10-5 M Ru(bpy)3Cl2 in LiTFSI-TEGDME electrolytes 

with different LiTFSI concentration and in PYR14TFSI for a comparison. The emission 

maximum undergoes a blue shift by increasing the lithium salt concentration suggesting a 

significant interaction among the electrolyte and the ruthenium complex. The increase in the 

energy of the emission could be reasonably explained by two synergistic effects: i) the 

electrostatic interaction between the positive ruthenium complex and the negative TFSI- ions 

stabilizes the ground state; ii) the excited complex is destabilized by the TFSI- surrounding 

anions because in the excited state an electron is transferred to one of the bpy ligands (MLCT). 

 

<Figure 4> 

 
Table 3 reports the photophysical data and the oxygen concentrations calculated by eq. (1) for 

different LiTFSI-TEGDME solutions and for the PYR14TFSI ionic liquid for comparison.  

 

<Table 3> 

 

Table 3 shows C values of 2.4, 4.1, 4.4, 14, 18 mM for 0, 0.5, 1, 2, 3m LiTFSI, respectively, thus 

confirming that the increase of fluorinate salt promotes O2 solubility. 

On the basis of the very high viscosity of 5m solution (550 cP), a very slow quenching of the 

complex should be expected, which is the opposite of what has been observed. Indeed, the 

lifetime of luminophore in presence of O2 is almost the same than that measured in the 3m 

solution with a ten times lower viscosity (47 cP), and in PYR14TFSI IL (60 cP, [35]). This 
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observation again suggests that kinetics in SIS solutions can be fast. On the other hand, SISs 

have an IL-like structure and it has been reported that diffusion of gases in ILs, unlike in 

common dilute solutions, is influenced by free volume and Lewis acid-base interactions rather 

than by medium fluidity [44]. The weaker are the interactions between the electrolyte cation and 

the anion, the larger are the interionic voids where the O2 molecules can slide moving inside the 

solution [44, 45]. For this reason, the [Li(glyme)1]
+
TFSI

-
 structure of the 5m solution could 

promote O2 diffusion and D could be much higher than what expected by a conventional Stokes-

Einstein approach.  

 

4. Conclusions 

 

Salt concentration has an impact on the ORR intermediates and products stability. The 

voltammetric study suggests that Li2O2 formation mechanism is prone to change from a surface 

to a solution process moving from salt-in-solvent to SIS solutions. Consequently, cycling 

stability of Li/O2 batteries might be improved using superconcentrated solutions. O2 solubility 

and diffusion in superconcentrated solutions are higher than that expected by a classical 

approach based on electrolytes polarity and viscosity. They are affected by the fluorine content 

and IL-like structure of SIS where the free volume is playing a role. High O2 concentration and 

diffusion enable high ORR currents and fast kinetics and this is of great importance for future 

applications of SIS in next generation of lithium and other metal-based air batteries including 

flow systems. The stability of superconcentrated solutions is high and meets the demand for safe 

and reliable materials in the energy conversion/storage field.  
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Figure Captions 

Figure 1. Schematic representation of LiTFSI-TEGDME solutions. On the left, a diluted 

solution; on the right, an equimolar solution with an IL-like structure. 

Figure 2. GCE cyclic voltammograms (CVs) at 20 mV s
-1

 in O2 saturated solutions. (a) 0.1, 0.5 

and 2m LiTFSI-TEGDME electrolytes. (b) 2, 4 and 5m LiTFSI-TEGDME electrolytes. (c) O2 

reduction charge (Qred) over repeated CVs at 20 mV s
-1

 between 1.9 V and 4.0 V vs. Li
+
/Li for 

different TEGDME-LiTFSI solutions.  

Figure 3. Electrode potential profiles during galvanostatic discharges at -0.05 mA cm-2 of CP 

(0.45 cm2) and lithium in stirred, O2-saturated 0.5m, 2m, 4m and 5m electrolytes.  

Figure 4. Emission spectra of  10-5 M Ru(bpy)3Cl2 in LiTFSI-TEGDME electrolytes with 

different LiTFSI concentration and in PYR14TFSI.  
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Table 1. Concentrations, dynamic viscosity, density, conductivity and thermal weight loss 
temperature (Td) of the TEGDME-LiTFSI solutions. 
 

 
0.5m 2m 4m 5m 

Molality (molsalt/kgsolvent) 0.5 2.0 4.0 5.0 

Molarity (molsalt/Lsolution) 0.47 1.57 2.56 2.92 

Molar ratios (salt to solvent) 1:9.0 1:2.3 1:1.1 1:0.9 

Dynamic viscosity (cP) 7.1 31 91 550 

Density (g/ml) 1.07 1.24 1.38 1.43 

Conductivity (mS/cm) 1.76 1.92 1.43 0.73 

Td (°C) 124 190 243 284 

 

 

Table1



Table 2. CVs reduction and oxidation peak potentials (Ered, Eox), peak currents (Ip,red, Ip,ox), 

reduction charge (Qred), coulombic efficiency (Qox/Qred) and slopes of Log Ip vs Log vscan plots in 

reduction (slopered) and oxidation (slopeox) for the TEGDME-LiTFSI solutions.  

 0.1m 0.5m 2m 4m 5m 

Ered (V vs. Li
+
/Li) 2.15 2.2 2.19 2.07 2.07 

Eox (V vs. Li
+
/Li) 3.35 3.32 3.26 3.25 3.27 

Ip red (µA) 2.2 3.3 4.8 5.0 4.6 

Ip ox (µA) 2.2 3.3 4.8 5.0 4.6 

Qred (mC) -0.247 -0.349 -0.321 -0.30 -0.276 

Qox/Qred (%) 43% 38% 65% 53% 57% 

Slopered 0.69 0.65 0.67 0.64 0.60 

Slopeox 0.88 0.91 0.73 0.74 0.67 

 

 

Table2



Table 3. Emission wavelength (emission) and lifetimes in absence (τ0) and presence (τ) of O2 of 10-5 

M Ru(bpy)3Cl2 in different electrolytes: TEGDME-LiTFSI and PYR14TFSI. Lifetimes were used to 

calculate the oxygen concentrations [O2] by eqs. (1) and (2). 

 

 

 

LiTFSI molality 
(molsalt/kgsolvent) 

λemission 
(nm) 

τ0 

(ns) 
τ 

(ns) 
[O2] 

(mM) 

Viscosity 
η (cP) 

0 618 832 115 2.4 3.6 

0.5 610 773 117 4.1 7.1 

1 612 735 125 4.4 8.7 

2 608 717 144 14 31 

3 608 597 156 18 47 

5 602 534 172 -- 550 

PYR14TFSI 602 572 156 28 60 

Table3
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