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A B S T R A C T

Aqueous electrolytes for lithium-ion batteries offer a safer and more environmentally friendly alternative to 
flammable organic electrolytes. One of the main challenges, however, is their narrow electrochemical stability 
window, which is typically widened by using highly concentrated salts, sometimes combined with organic sol
vents. Dimethyl sulfoxide (DMSO) stands out among organic solvents used in this context due to its affordability, 
low toxicity, and safe handling. Additionally, DMSO and water form solutions that remain in the liquid state at 
extremely low temperatures (down to -130 ◦C). In this study, we designed and characterized three electrolytes by 
mixing water and DMSO and incorporating lithium bis(fluorosulfonyl)imide (LiFSI) at three different concen
trations. The resulting electrolytes exhibited exceptional thermal and electrochemical stability. Furthermore, we 
provided a detailed analysis of their solvation structure, intermolecular interactions and transport properties. 
Finally, we evaluated these electrolytes in a full-cell configuration with LiTi₂(PO₄)₃ and LiMn₂O₄, testing their 
performance at room temperature (100 cycles, 1.5 V, 40 Wh kgAM⁻¹, where AM stands for active mass, and refers 
to the sum of the active masses of both anode and cathode active materials) and at -10 ◦C (50 cycles, 1.3 V, 15 
Wh kgAM⁻¹).

1. Introduction

Lithium-ion batteries (LIBs) are one of the most widespread energy 
storage devices employed in various applications [1–3]. However, to 
maintain high energy performance, they typically utilize flammable and 
toxic electrolyte components, which can pose safety [4] and disposal [5] 
concerns. Typically, LIBs consist of a lithiated carbonaceous negative 
electrode and a transition metal oxide positive electrode, separated by a 
flammable organic electrolyte. The high flammability of the electrolyte, 
combined with the possibility of releasing oxygen at high temperatures 
from the cathode, makes the typical LIB prone to events such as fires or 
explosions, especially following overcharging or crash [4,6].

A promising alternative is the use of water-based electrolytes, which 
are inherently safer, more environmentally friendly, and less expensive 

than non-aqueous alternatives. However, the narrow electrochemical 
stability window (ESW) of water (only 1.23 V) limits electrode selection 
and restricts the energy density of aqueous LIBs. Several strategies have 
been proposed to address this issue, one of the most effective being the 
addition of salt until a superconcentrated regime is reached. When the 
salt concentration exceeds the amount of water, the system is referred to 
as a "Water-in-Salt" Electrolyte (WISE) [7]. In such solutions, the number 
of ions is so high that water molecules are insufficient to fully solvate 
them. As a result, if all water molecules are locked in an ion’s solvation 
shell, their decomposition reactions become more difficult, leading to an 
increase in overpotential and a subsequent expansion of the ESW 
[8–10].

Therefore, selecting appropriate salt is a crucial step in designing an 
aqueous electrolyte. The salt must be highly soluble in water to enable 
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superconcentration and should also promote the formation of the solid 
electrolyte interphase (SEI) layer. The SEI is a passivation layer formed 
by the reduction of the electrolyte on the electrode surface. It protects 
the electrolyte from further degradation while allowing Li⁺ ions to move 
between the electrodes. In aqueous electrolytes, the SEI layer is pri
marily composed of LiF, which originates from the reduction of lithium 
fluorinated salts such as lithium bis(fluorosulfonyl)imide (LiFSI), 
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), and lithium tri
flate (LiOTF) [11,12]. In general, LiFSI is able to produce a compact and 
mostly inorganic SEI, especially at high concentration [13,14]. 
Furthermore, it has been proven to be beneficial in the formation of a 
stable SEI in aqueous electrolytes [15]. By combining super
concentration with SEI-forming agents, it is possible to extend the ESW 
of water-based electrolytes up to 3 V or even higher [7,16,17].

Another approach to enhance SEI-layer formation and expanding the 
ESW is the addition of a co-solvent to the electrolyte formulation. The 
reduction of certain organic solvents in the presence of Li⁺ ions can 
generate key SEI compounds such as Li₂CO₃ and various lithium alkyl
carbonates [18]. Moreover, in pure aqueous electrolytes, a thin layer of 
water molecules adsorbs onto the electrode surface (Inner Helmholtz 
Plane, IHP), where electron transfer and redox decomposition reactions 
occur easily [19]. When a co-solvent is introduced, some of the water 
molecules in the solvation shells and at the IHP are replaced by the 
co-solvent, thereby hindering water decomposition. Additionally, the 
use of a co-solvent can reduce the amount of salt required to lock water 
molecules and improve the electrochemical stability of water, lowering 
the overall electrolyte cost.

Suitable co-solvents should be electrochemically stable and miscible 
with water. Some of the most promising studies in literature have 
explored hybrid aqueous/non-aqueous strategies, pairing water with 
acetonitrile [20], sulfolane [21], carbonates [22], glycols [23,24], or 
even combinations of these [25], achieving ESWs greater than 4 V. 
However, many of these solvents are flammable, hazardous to use, or 
highly toxic, which compromises the primary safety benefits of 
water-based electrolytes.

In contrast, dimethyl sulfoxide (DMSO) is almost non-toxic, hardly 
flammable, inexpensive, and safe to handle [26], as demonstrated by its 
NFPA 704 ratings, reported in figure S1. It also exhibits good thermal 
stability [27] and, due to its high polarity, can dissolve a wide range of 
salts, making it useful in various applications [28]. Additionally, it is 
fully miscible with water in any ratio and can form a eutectic solution 
that remains liquid even at extremely low temperatures [29].

Here, we present a study on the physicochemical and electro
chemical properties of three electrolytes composed of water, DMSO, and 
LiFSI in different molar ratios, with a focus on how intermolecular in
teractions influence these properties. In addition, we evaluated these 
electrolytes in a LiTi₂(PO₄)₃ | electrolyte | LiMn₂O₄ full-cell configuration 
at both room temperature and − 10 ◦C, taking advantage of the low 
freezing point of the water/DMSO mixture.

2. Experimental

2.1. Sample preparation

The reagents used for the preparation of the electrolytes were: Milli- 
Q water (σ = 6.7 μS cm⁻¹), dimethyl sulfoxide (DMSO, >99 %, Fluo
rochem), and lithium bis(fluorosulfonyl)imide (LiFSI, 99.9 %, Sol
vionic). Water and DMSO were weighed and mixed in a fixed 1:1 molar 
ratio, while the amount of LiFSI varied for each electrolyte, resulting in 
three different samples with molar ratios of 1:1:x, where x = 0.5, 1, or 
1.5. The salts were then fully dissolved by sonication and the electrolytes 
were stored at room temperature.

To simplify sample coding, the ratios were expressed as whole 
numbers, and each component was denoted by a single letter (D for 
DMSO, w for water, and F for LiFSI). Accordingly, the three resulting 
sample names were: DwF221, DwF222, and DwF223.

Carbon-coated LiTi₂(PO₄)₃ (LTP) was synthesized using a straight
forward one-pot synthesis method. First, NH₄H₂(PO₄)₃ was dissolved in 
ethanol under stirring, followed by the dropwise addition of Ti(OC₄H₉)₄, 
ensuring complete dissolution before each addition. CH₃COOLi × 2H₂O 
and C₆H₁₂O₆ were added as lithium and carbon sources, respectively. The 
mixture was stirred for 4 h at 55 ◦C in a sealed container, then opened 
and heated to 80 ◦C to evaporate ethanol and form a gel. After a final 
drying step at 100 ◦C, the precursor was ground in a mortar to obtain a 
fine powder, which was subsequently heated at 800 ◦C for 6 h under an 
argon atmosphere.

In contrast, a commercial LiMn₂O₄ (LMO) powder (Sigma-Aldrich) 
was used.

The electrodes for electrochemical studies were prepared from 
slurries consisting of active materials (LMO/LTP), carbon black (SuperP, 
Erachem Comilog, Inc.), and polyvinylidene fluoride (PVDF 6020, Sol
vay) as a binder, mixed in N-methyl-2-pyrrolidone. For LTP, the weight 
ratio of these components was 7:2:1, and the slurry was cast onto an 
aluminum foil, while for LMO, the ratio was 8:1:1, applied to a carbon- 
coated aluminum (CC-Al) foil. The resulting final mass loadings were 2.1 
mg cm⁻² for LTP and 2.8 mg cm⁻² for LMO.

2.2. Electrochemical characterization

The ionic conductivity of the electrolytes was measured using 
potentiostatic electrochemical impedance spectroscopy (PEIS) with a 
dip probe cell containing two platinum foils in a glass casing, featuring a 
cell constant of 1.04 cm⁻¹. Measurements were performed over a fre
quency range of 100 Hz to 300 kHz with a signal amplitude of 10 mV. 
PEIS spectra were recorded at various temperatures, from − 35 ◦C to 80 
◦C in 5 ◦C increments, using a climatic chamber (Angelantoni, Italy). 
Conductivity was calculated from the second Ohm’s law, using the real 
part of the impedance at high frequency as resistance (see Figure S3).

The ESW measurements were conducted using a three-electrode 
Swagelok cell, with a silver/silver chloride (AgCl/Ag, 3.5 M KCl) 
reference electrode (RE) and a free-standing activated carbon (F400, for 
more information see [30]) disc as the counter electrode (CE). Three 
different working electrodes (WEs) were tested and compared: 
aluminum, carbon-coated aluminum, and stainless steel. The ESW was 
determined through two Linear Sweep Voltammetry (LSV) steps: the 
first toward negative potential to assess cathodic stability, followed by a 
spontaneous return to the starting potential, and the second toward 
positive potential to evaluate anodic stability. Both steps were con
ducted at room temperature with a scan rate of 0.5 mV s⁻¹. These results 
also helped determine the most suitable current collectors (CC) for the 
two extremes of the ESW of the electrolytes.

The electrochemical behavior of the LTP and LMO electrodes was 
examined through Cyclic Voltammetry (CV) measurements at a scan 
rate of 0.1 mV s⁻¹, using a setup similar to that of the LSVs. The three- 
electrode Swagelok cell featured AgCl/Ag as the RE and activated car
bon as the CE. The WE configuration depended on the active material 
under investigation: LTP was tested on an Al disc and Al rod, while LMO 
was evaluated on a CC-Al disc and a glassy carbon rod.

Constant-current cycling tests were performed in R2032 coin cells, 
using LTP on Al as the negative electrode and LMO on CC-Al as the 
positive electrode, with a slight excess in the active mass of the positive 
electrode (1.34:1 with respect to that of LTP) so to account for any 
irreversible reaction that occurs in the first cycles. A Whatman glass 
microfiber separator filled with approximately 100 μL of electrolyte was 
used. Additionally, an Al foil was placed between the negative electrode 
and the stainless-steel spacer, while a CC-Al foil was positioned between 
the positive electrode and the stainless-steel cap.

Impedance spectra have been performed on a partially charged cell 
(state of charge: 20 %) three electrode cells composed by LMO and LTP 
operative electrodes and AgCl/Ag reference electrode at 30 and − 10 ◦C.
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2.3. Physicochemical characterization

The thermal properties of the electrolytes were analyzed using Dif
ferential Scanning Calorimetry (DSC) over a temperature range of − 120 
◦C to 80 ◦C. A Mettler Toledo DSC 1 Star® instrument, cooled with liquid 
nitrogen and controlled via STARe® software, was used. The analysis 
followed a four-step protocol: (1) an isothermal step at 30 ◦C for 10 min 
to equilibrate the system, (2) a cooling phase from 30 ◦C to − 120 ◦C at a 
rate of − 5 ◦C min⁻¹, (3) a 10-minute isothermal step at − 120 ◦C, and (4) 
a heating phase from − 120 ◦C to 80 ◦C at a rate of +5 ◦C min⁻¹.

Viscosity measurements were performed using an Anton Paar 
Rheometer MCR 92 with a parallel plate geometry (25 mm diameter). 
For each electrolyte, viscosity was measured at a constant shear rate of 
10 s⁻¹ while varying the temperature from 5 ◦C to 80 ◦C in 5 ◦C in
crements, with each step lasting 4 min.

Raman spectroscopy was conducted using a Labram Dilor spec
trometer (Jobin Yvon) in a backscattering configuration with a 488 nm 
Ar⁺ laser and a resolution of 2 cm⁻¹. The laser beam was focused on a 
circular spot using a long-working-distance microscope objective with 
50 × magnification and a numerical aperture of 0.60. All spectra were 
collected at room temperature through three accumulations of 30 s of 
integration time.

The thermal stability of the full cell was assessed using Accelerated 
Rate Calorimetry (ARC-ES, Thermal Hazard Technology). Prior to ARC 
testing, the coin cells were charged to a maximum potential of 2.1 V at a 
rate of 0.5 C. The accelerated rate calorimeter operated in heat-wait- 
search (HWS) mode with a sensitivity threshold of 0.02 ◦C min⁻¹. 
Tests were performed over a temperature range of 30–280 ◦C, with 
stepwise increments of 5 ◦C and an equilibration time of 15 min per step.

A Bruker AVANCE 300NMR Wide Bore spectrometer equipped with a 
Diff30 Z-diffusion 30 G/cm/A multinuclear probe with substitutable RF 
inserts has been employed for NMR measurements. Spin-lattice relaxa
tion times (T1) were determined using the inversion recovery sequence 
(π-τ-π/2). On the other hand, self-diffusion coefficients were measured 
using the pulsed field gradient stimulated echo (PFG-STE) method [31]. 
The sequence is composed by three 90◦ RF pulses (π/2-τ1-π/2-τm-π/2) 
and two gradient pulses that are applied after the first and the third Rf 
pulses and the resulting echo has been acquired at time τ=2τ1+τm. The 
magnetic field pulses have their magnitude (g), duration (δ) and time 
delay (Δ) reported in the Stejskal–Tanner expression, which has been 
employed to analyze the Fourier-transformed echo decays: 

I = Io e− βD (1) 

Where I and I0 indicate the intensity or area of selected resonance peaks, 
respectively, in the presence and absence of gradients. β is the field 
gradient parameter defined as β=[(γgδ)2 × (Δ-δ/3)] and D is the 
measured self-diffusion coefficient. The experimental parameters for the 
investigated samples were: δ=0.8–3 ms, Δ=8–30 ms and the gradient 
amplitude has been varied from 200 to 900 Gauss cm-1. The un
certainties in the self-diffusion measurements are approximately 3 %. 
Measurements were carried out in the temperature range 20–60 ◦C, with 
increments of 10 ◦C and leaving each sample to equilibrate for 10 min at 
each temperature achieved. To avoid contact with moisture, samples 
were prepared in a glow box under inert atmosphere and hermetically 
sealed in 5 mm Pyrex tubes.

For Differential Electrochemical Mass Spectrometry (DEMS) mea
surements, a leakless AgCl/Ag was used as reference electrode and AC 
coated on both sides of Al foil was utilized as counter electrode. The 
DEMS set-up was described in detail in refs [32,33], equipped with a 
quadrupole mass spectrometer (Pfeiffer Vacuum, QMS 410) and the 
potential control was achieved by an electrochemical workstation 
(Princeton Applied Research (PAR) 263A). Measurements have been 
performed using either titanium film (ca. 100 nm) sputtered onto a 50 
µm thick fluoroethylene-propylene (FEP) membrane (Bohlender, Bola) 
of that coated with a slurry of Super C65 carbon with 10 wt.% PVDF as 

the working electrodes, with back side of the membrane exposed 
directly to the ultrahigh vacuum system of the mass spectrometer. Two 
electrolyte solutions have been analyzed: both the hybrid solution 
labelled DwF223 and a 1 M Na2SO4 aqueous solution, which was used as 
benchmark.

3. Results and discussion

Several characterizations of water/DMSO hybrid electrolytes were 
performed to assess their physicochemical properties, correlate them 
with their solvation structure, and ultimately evaluate their suitability 
for lithium-ion battery applications.

The thermal properties of the three electrolytes were analyzed using 
Differential Scanning Calorimetry (DSC, Fig. 1a and S2 for heating and 
cooling, respectively). All electrolytes exhibited a glass transition be
tween − 100 ◦C and − 80 ◦C, characteristic of highly viscous liquids. The 
glass transition temperature (Tg), reported in Table 1, depends on 
electrolyte concentration: as the concentration increases, Tg also rises. In 
the most concentrated electrolyte (DwF223), stronger molecular in
teractions lead to higher cohesion, requiring more energy for the tran
sition from the glassy to the liquid state [34].

Notably, aside from the glass transition, no other thermal events 
were observed within the investigated temperature range, particularly 
no crystallization. This indicates that neither water nor DMSO solidified 
at the extremely low temperatures to which they were exposed, due to 
the strong molecular interactions within this system. As further elabo
rated in the Raman analysis, water and DMSO molecules establish strong 
interactions, maintaining the liquid state even at low temperatures [29]. 
Additionally, the strong bonds between the solvent molecules and ions 
hinder the solidification, a well-known phenomenon known as 
freezing-point depression.

The ionic conductivity of the three electrolytes was measured as a 
function of temperature (Fig. 1b, example impedance spectrum in 
Fig. S3). An increase in salt concentration resulted in a decrease in ionic 
conductivity, which dropped from 8.9 to 1.2 mS cm⁻¹ at room temper
ature (Table 1). In general, for strong electrolytes, conductivity (σ) in
creases with salt concentration due to a higher number of charge carriers 
in solution. However, beyond a certain threshold—where the electrolyte 
enters the super-concentration regime—further salt addition leads to a 
decrease in conductivity.

The conductivity (σ) of an electrolyte is governed by the physical 
characteristics of its charge carriers, as expressed by the Eq. (2) [35]: 

σ =
∑

i
Fziciμi (2) 

where F is the Faraday constant, i represents a specific charge carrier 
(ion, hole, or electron), ci is its concentration, zi is its charge, and μi is its 
electrical mobility. The reduction in ionic mobility at high concentra
tions follows the principle underlying Kohlrausch’s law and becomes 
particularly significant in concentrated systems. This decrease in 
mobility arises primarily from two factors [36]: (i) Increased viscosity: 
solvent molecules arrange into solvation shells around ions, creating 
larger species in solution. This effect is particularly pronounced in 
highly concentrated solutions, where a substantial number of these 
structures are present; (ii) Formation of Contact-Ion Pairs (CIPs): in 
superconcentrated solutions, the available solvent molecules are insuf
ficient to fully solvate all ions, leading to the formation of large clusters 
composed of one cation, one anion, and solvent molecules. These clus
ters, which carry a net charge of zero, hinder charge transport.

The complex interactions between solvent molecules and ions are 
also behind the temperature-dependent conductivity trend, which de
viates from the normal Arrhenius-like trend and instead follows a Vogel- 
Tammann-Fulcher (VTF)-like trend, in particular at low temperature, 
because the more the temperature approaches the Tg, the more that 
deviation is pronounced [37]. The VTF equation (Eq. (3)) was used to fit 
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the conductivity data, with best-fitted curves shown in Fig. 1b: 

σ = σo exp
(

− Epa,σ

kB(T − T0)

)

(3) 

where T is the experimental temperature, T0 is a parameter related to the 
glass transition temperature (often referred to as the vanishing mobility 
temperature or theoretical glass transition temperature), σ is the 
measured conductivity, σ0 is a pre-exponential factor associated with the 
number of charge carriers [38] and Epa,σ is a pseudo-activation energy 
related to charge transport, similar to the Arrhenius activation energy 
[39]. The main VTF fitting parameters (i.e. Epa,σ and T0) are listed in 
Table 1.

While Epa,σ, Tg, and conductivity trends align with the expected 
reduction in ion mobility as salt concentration increases, T0, which 
represents the temperature at which charge carriers cease movement 

[40], does not always follow the same pattern, remaining relatively 
independent of salt content. Conversely, Tg is linked to the overall flow 
of species in solution and decreases as salt concentration rises. The 
divergence in these trends suggests a partial decoupling between charge 
transport and bulk solution friction [41,42].

The viscosity of the electrolytes was also measured as a function of 
temperature (Fig. 1c). As the concentration of LiFSI increases, the 
number of large solvation clusters also increases, thereby hindering ion 
mobility and raising viscosity.

Moreover, the DSC-derived Tg values align with the viscosity trends. 
The electrolyte with the best transport properties — i.e., highest con
ductivity and lowest viscosity — is the DwF221, which also exhibits the 
lowest Tg. This suggests that higher mobility within the solution corre
lates with lower energy requirements for the glass-to-liquid transition.

Temperature-dependent viscosity also follows a VTF behavior (Eq. 
(4)), analogous to conductivity: 

η = ηo exp
(

Epa,η

kB
(
T − T0,η

)

)

(4) 

where η0, Epa,η, and T0,η are fitting parameters similar to those in the VTF 
conductivity model. The difference between Epa,σ and Epa,η (Table 1) 
suggest a decoupling of conductivity and viscosity mechanisms. Vis
cosity appears to be more strongly influenced by salt concentration than 
conductivity, possibly due to neutral clusters (CIPs) containing both Li+

and FSI-, or other solvent-salt structures that facilitate ion movement in 
highly concentrated solutions [41].

Viscosity and conductivity are related by the Walden rule, which 
states that their product remains constant. The Walden plot (Fig. 1d) 

Fig. 1. Physicochemical characterizations of the electrolytes: (a) Differential Scanning Calorimetry (DSC); (b) temperature dependance of ionic conductivity 
(scattered points) and VTF fittings (solid lines); (c) temperature dependence of viscosity (scattered points) and VTF fittings (solid lines); (d) Walden plot.

Table 1 
Summary of some of the main physicochemical properties of the electrolyte 
under study. The table features the pseudo-activation energies calculated for 
conductivity (Epa,σ) and viscosity (Epa,η), glass transition (Tg) and T0 for con
ductivity, value of the conductivity at room temperature and concentration, 
expressed in molality.

Electrolyte Epa,σ / 
eV

Epa,η / 
eV

Tg / 
◦C

T0 / 
◦C

σ at 25 ◦C 
/ mS cm-1

[LiFSI] / 
mol kg-1

DwF221 0.063 0.015 − 106 − 121 8.92 5.2
DwF222 0.066 0.030 − 97 − 112 4.33 10.4
DwF223 0.085 0.110 − 87 − 116 1.22 15.6
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graphically represents this relationship and helps assess ion interactions 
within the electrolytes. The solid black line represents an ideal, fully 
dissociated electrolyte (e.g., 0.01 M KCl in water). The aqueous/DMSO 
electrolytes in this study demonstrate good ionic character, approaching 
ideality as temperature increases [43].

Conductivity measurements reveal a general deceleration of ionic 
transport with increasing salt concentration but lack the capacity to 
discern species-specific dynamics. To elucidate the interrelationships 
among the Li-ion conduction, Li+ solvation structure, and solution vis
cosity, PFG-NMR were employed to determine the self-diffusion co
efficients of individual solution components. Specifically, the 
diffusivities of 1H, 7Li, and 19F were measured separately as a function of 
salt concentration (Fig. 2a), which correspond to the motion of solvent 
molecules (H2O and DMSO), lithium cations (Li+), and bis(fluo
rosulfonyl)imide anions (FSI− ), respectively. As anticipated, increasing 
solution viscosity results in a reduction in the self-diffusion coefficients 
of all components.

Notably, H2O molecules are the most mobile species across the entire 
concentration range, with their diffusivity significantly exceeding that 
of DMSO and the ions. This contrasts with previous literature demon
strating significant water coordination to Li+ ions [44–46]. To solve this 
apparent paradox, we can hypothesize that the water-Li+ binding is 
highly dynamic and short-lived. Under these conditions, the rapid ex
change of water between Li+ coordination sites, rather than the presence 
of free water, accounts for the observed differential diffusion rates. On 
the other side, the similar diffusivities of Li+, DMSO and FSI- imply 

longer residence times for the two ligands with lithium. Above 5.2 m 
concentration, a surprising phenomenon was observed with Li+

diffusing faster than DMSO. The temperature evolution for self-diffusion 
coefficients of solvents and ions in the three systems further confirms 
this trend (see Supplementary Fig. S4). To clarify this phenomenon, 
Fig. 2b presents the ratios of self-diffusion coefficients (Dwater/DLi, 
DDMSO/DLi, and DFSI/DLi) as a function of concentration. Both DDMSO/DLi 
and DFSI/DLi approach unity and decrease with increasing concentra
tions. The observed acceleration of Li+ diffusion relative to DMSO and 
FSI- in concentrated electrolytes strongly indicates rapid Li+ exchange 
between the coordination sites formed by the two ligands (DMSO and 
FSI− ), providing direct evidence for a concentration-dependent shift 
towards a Li+ hopping mechanism within the DMSO:H2O:LiFSI system. 
This observation is consistent with previously reported hopping con
duction in sulfolane-based highly concentrated electrolytes [47,48]. The 
decrease in the ratio between DFSI and DLi generally implies an 
increasing lithium transference number (tLi+) with LiFSI concentration, 
as also described in detail below.

Although it is known that the Nernst-Einstein equation becomes less 
reliable as the ion-ion interactions increase in strength (i.e., at very high 
concentrations), we still decided to use it to extract an estimate of pa
rameters such as transport number etc., in order to get a clearer idea of 
the electrolyte and its properties. It is also important to note that not all 
concentrated electrolytes deviate totally from ideality, as we could see in 
a previous work, where a 20 mol kg-1 solution of potassium acetate in 
water was shown to follow Kohlrausch’s law [49], strengthening us in 

Fig. 2. (a) Concentration dependence of self-diffusion coefficients for the solvents, lithium and FSI ions of LiFSI in H2O:DMSO. (b) Concentration dependent 
diffusivity ratios (R) of Li+ in DMSO:H2O:LiFSI. Filled squares DH2O/DLi+, filled circles DDMSO/DLi+, filled stars D FSI-/DLi+. (c) Lithium-ion transference number and 
(d) Stokes radii for the electrolytes determined by the NMR method.
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the idea that the approximation may be at least partially valid.
The apparent lithium transference number (tLi+), which provides a 

valuable estimate of the lithium ion’s contribution to charge transport, 
was calculated from the experimental self-diffusion coefficients of Li+

and FSI- ions according to Eq. (5) and reported in Fig. 2c and Table 2. 

τLi+ =
DLi+

DLi+ + DFSI−
(5) 

The apparent tLi+ for all the three electrolytes range between 0.45 
and 0.55, typical values for superconcentrated electrolyte solutions [47,
50] and higher than those observed in conventional organic aprotic 
solutions [51–56]. It can be seen that the tLi+ increases with salt con
centration due to major contribution and/or higher efficiency of the 
aforementioned Li+ hopping mechanism. Notably, the values are prac
tically temperature independent for the DwF221 and DwF223 electro
lytes suggesting their predominant transport mechanism (vehicular for 
DwF221 and hopping for DwF223), is thermally stable and not signifi
cantly altered by changes in thermal energy within this temperature 
range. Contrariwise, the clear temperature dependence for DwF222 in
dicates a shift from a solvent-assisted vehicular mechanism to a hopping 
mechanism facilitated by thermal activation. By combining viscosity 
and diffusion coefficient data, the Stokes-Einstein equation yielded 
effective hydrodynamic radii for Li+ ranging from 0.32 for DwF221 to 
0.13 nm as in the case of DwF223 (Fig. 2d). The DwF223 values 
approach the Van der Walls radius of Li+ ion (i.e., 0.073 - 0.090 nm) 
suggesting a weak solvation shell and rapid ligand exchange, further 
supporting the prevalence of a Li+ hopping mechanism.

The degree in cation–anion dissociation can be assessed by 
comparing ionic conductivity from impedance spectroscopy (σEIS) and 
that calculated from self-diffusion coefficients (σNMR) using the 
Nernst–Einstein formula (Eq. (6)): 

σNMR =

(
F2csalt
R⋅T

)

(DLi +DFSI) (6) 

where DLi and DFSI are the lithium and fluorine diffusivity, respectively, 
F is the Faraday constant and “c” is the molar concentration of 
electrolytes.

The σEIS/σNMR ratio quantifies the contribution of charged ions to 
ionic conduction from all the diffusing species, on the time scale of the 
measurement. Notably, σNMR typically exceeds the experimental σEIS, 
since not all of the diffusive species, such as neutral ion clusters, 
contribute to the charge transport, as in the case of Contact-Ion-Pairs. 
Ionicity index (Table 2) decreases with increasing salt concentration. 
This trend, from 0.63 for DwF221 to 0.23 for DwF223, has to be ascribed 
to stronger Coulombic interaction between cations and anions at higher 
salt concentrations [57].

Spin-lattice relaxation times (T1) analysis provided additional in
sights into molecular-scale interactions between solvent molecules (1H) 
and ions (7Li for Li+ and 19F for FSI-). Indeed, T1 is indicative of mo
lecular roto-translational mobility, reflecting the impact of molecular 
movements on the energy transfer between nuclear spins and the lattice. 
In essence, the stronger the interactions the lower the molecular 
mobility (thus, shorter T1). Compared to pure solvents, the lower T1 

values for H2O and DMSO in mixture (Supplementary Fig. S5) suggest 
stronger electrostatic interactions, potentially involving “improper 
hydrogen bond” formation between water and DMSO methyl groups, 
which will be further examined via Raman spectroscopy. The tempera
ture dependence of Li+ and FSI- values (Fig. 3a, b), reveals the highest 
mobility DwF221 (longest T1). Converging diffusivity data, ionicity 
index, with this evidence, we may infer that Solvent-Separated Ion Pairs 
(SSIPs) largely dictate the ion-solvent structure of the electrolyte. At 
higher LiFSI concentrations there is a clear drop in the T1 values indi
cating restricted ions motions. This is likely due to the contact and/or 
aggregating ion pairs formation characterized by strong electrostatic 
interaction between Li+ ion and FSI-.

The Raman analysis provides insights into the arrangement of mol
ecules in solution, leading to the formation of distinctive solvation 
structures. The complete spectra are presented in Fig. S6, while below 
these will be shown and discussed in three separate regions of particular 
importance for the DMSO/water system. The range between 600 and 
800 cm-1 (Fig. 4a) provides valuable information mostly regarding the 
behavior of the ions. The region around 1000 cm-1 is useful in under
standing the interactions between the two solvents (Fig. 4b), while the 
third region, around 3000 cm-1 (Fig. 4c), helps the comprehension of 
both solvent and salt interactions.

Pure DMSO presents two peaks in the 700 cm-1 region: at 668 cm-1 

and 698 cm-1 that correspond to symmetric and asymmetric C-S-C 
stretching, respectively [58]. When DMSO is mixed with water in a 1:1 
molar ratio, both these peaks shift 5 and 9 cm-1 toward higher wave
numbers, respectively. This indicates that the coordination of DMSO 
with its chemical environment is significantly different because it in
teracts with water molecules. In particular, the frequency shifts are 
primarily caused by the formation of hydrogen bonds between the ox
ygen atom of DMSO and a hydrogen atom of water, rather than by 
self-association of DMSO molecules. The formation of these hydrogen 
bonds reduces the electronegativity of the DMSO oxygen atom and in
creases the sulfur electronegativity, thus strengthening the CSC bonds. 
As a result, bond shortening is associated with an increase in the force 
constant, which in turn leads to a blue shift in vibrational frequencies, as 
observed for the CSC stretching frequencies [59]. The same peaks un
dergo similar changes after addition of LiFSI salt (upper three plots in 
Fig. 4a), indicating that DMSO intermolecular interactions are also 
affected by the presence of LiFSI. Moreover, in the spectra with the salt a 
third peak appears, between 730 and 750 cm-1, which is attributed to the 
S-N-S scissoring vibration of LiFSI [60]. This peak undergoes a signifi
cant blueshift, depending on the salt concentration. As the salt con
centration increases, the number of available solvent molecules in the 
solution decreases, passing from the Solvent Separated Ion Pairs (SSIP) 
solvation structure to the formation of new ones, as Contact Ion Pairs 
(CIP), where one cation and one anion share a shell, and aggregates 
(AGG), where multiple ions form a single shell [61]. There is clear 
transition from SSIP to CIP/AGG structures, as evidenced by the sig
nificant shift of the LiFSI peak. The peak moves from 732 cm-1 in the 
most diluted electrolyte to 749 cm-1 in the most concentrated one, in 
agreement with the peak position registered for SSIP and AGG species, 
respectively [62].

Table 2 
Conductivity measured though impedance spectroscopy and PFG NMR, degree of dissociation (Ionicity), and lithium transference number for all three electrolyte 
systems as a function of temperature.

DwF221 DwF222 DwF223

T / ◦C σNMR / 
mS cm-1

σEIS / 
mS cm-1

Ionicity tLiþ σNMR / 
mS cm-1

σEIS / 
mS cm-1

Ionicity tLiþ σNMR / 
mS cm-1

σEIS / 
mS cm-1

Ionicity tLiþ

20 11.92 7.49 0.63 0.46 8.25 3.47 0.42 0.48 4.12 0.95 0.23 0.54
30 19.76 10.5 0.53 0.47 14.61 5.22 0.36 0.50 8.08 1.55 0.19 0.54
40 28.83 14.05 0.49 0.48 20.27 7.4 0.37 0.51 12.60 2.37 0.19 0.55
50 39.49 18.11 0.46 0.49 28.38 10.11 0.36 0.54 18.11 3.35 0.19 0.56
60 55.39 22.8 0.41 0.47 40.00 13.13 0.33 0.53 25.89 4.68 0.18 0.56
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Fig. 4b shows the peak around 1040 cm-1, relative to the S=O 
stretching of DMSO. In pure DMSO, this peak is the combination of four 
sub-bands [63]: DMSO molecules that form a linear dimer (around 1025 
cm-1), DMSO molecules that form cyclic dimer (in-phase and out-phase, 
around 1040 and 1058 cm-1, respectively), and monomeric DMSO 
molecules (near 1070 cm-1). With the addition of water, a new peak in 
the S=O stretching band appears at about 1015 cm-1, related to the H 
bonds [64]. A comparison of the deconvolutions of this peak in pure 
DMSO and in the 1:1 solution with water, Fig. S7 of the Supporting 
Information, reveals that the addition of water causes a red-shift from 
1043 to 1024 cm-1 in the S=O stretching band. Differently from the 
C-S-C bonds, S=O is weakened by the formation of H-bonds, causing a 
big red shift instead of a blue one.

In the 3000 cm-1 range there are the O-H stretching broad band, 
which is located between 3000 and 3700 cm-1 for water, and the C-H 
stretching peaks, which are situated near 2900 and 3000 cm-1 for DMSO, 
which are of particular interest. Water molecules can form a wide range 
of hydrogen bonds, namely from zero to four, due to their high degree of 
intermolecular interaction. The OH band of water is characterized by a 
broad spectrum due to the presence of multiple sub-bands, which are 
attributed to these various types of interactions [65,66].

The main and most prominent peaks in water spectrum, at 3242 and 
3441 cm-1, correspond to the stretching of the O-H bond of water mol
ecules, which can form four or three hydrogen bonds, respectively [65]. 
In the water:DMSO=1:1 solution, O-H signals are very low compared to 

C-H signals merely because of the lower concentration, but it is still 
possible to recognize the presence of the same bands visible in pure 
water. This indicates that water molecules form almost the same number 
and type of hydrogen bonds even when half of the water molecules are 
replaced by DMSO, suggesting that water is also able to form hydrogen 
bonds with DMSO, as also stated before. It has been previously reported 
that DMSO and water form two distinct aggregates, namely 1DMSO-2
water and 2DMSO-1water, with a predominance of the latter in a 1:1 
solution [67,68]. Another notable peak is the one related to water 
molecules that do not form hydrogen bonds, which is located around 
3650 cm-1. Interestingly, after the addition of the salt, O-H water band 
presents only one peak centered at 3550 cm-1, meaning that there is a 
large contribution of non-bonding water. This phenomenon can be 
attributed to the strict bond formation between water molecules and 
ions through electrostatic forces, thereby precluding the possibility of 
hydrogen bond formation with other solvent molecules. Nevertheless, 
the center of the band is not exactly on the non-bonding water, sug
gesting that water molecules still make hydrogen bonds, which can be 
both with DMSO or other molecules, even if in significantly lower 
amounts.

As previously outlined, the two sharp peaks observed at 2900 and 
3000 cm-1 correspond to the asymmetric and symmetric stretching, 
respectively, of the C-H bonds of DMSO. Upon the addition of water to 
DMSO, a shift in the peaks to higher wavenumbers is observed. This shift 
can be attributed to the formation of a specific hydrogen bond between 

Fig. 3. The temperature evolution of T1 relaxation for (a) Li+ and (b) FSI- in the DMSO:H2O:LiFSI electrolytes.

Fig. 4. Raman spectra of the systems under analysis, separated in three regions: (a) from 600 to 800 cm− 1, (b) from around 1000 to 1100 cm− 1 and (c) from around 
2600 to 4000 cm− 1.
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the methyl groups of DMSO and water, referred to as an "improper 
hydrogen bond". This interaction involves the transfer of electron den
sity from one of the lone pairs of the oxygen atom in water to the 
hydrogen of the C-H bond in DMSO. However, the additional electron 
density does not remain on the methyl group, but is attracted towards 
the more electronegative S = O bond, leading to a structural reorgani
zation of the molecule. This reorganization results in a strengthening 
and shortening of the C-H bond, causing the observed blue shift [64,69]. 
In contrast to the conventional hydrogen bonds, where two strongly 
electronegative atoms are directly involved, the improper hydrogen 

bond allows for electron density movement, thus exhibiting a distinct 
characteristic. The addition of the salt enhances this shift, indicating 
that improper hydrogen bonds also arise from the interaction of DMSO 
with the electronegative groups of the FSI- anion.

The ESW of the electrolytes was testedusing LSV (Fig. 5a). To assess 
practical applicability, three current collectors were tested: aluminum 
(Al), carbon-coated aluminum (CC-Al), and stainless steel (SS). Based on 
the results (Fig. S8, Supporting Information), Al and CC-Al provided the 
best performance in cathodic and anodic scanning modes, respectively. 
It should be pointed out that LiFSI is known to promote aluminum 

Fig. 5. Electrochemical stability of the electrolytes: (a) electrochemical stability windows of the electrolytes and lithiation/delithiation profiles of LiTi2(PO4)3 and 
LiMn2O4; (b-e) DEMS results: (b) comparison between the normalized (with respect to water molality) ion currents of the standard diluted electrolyte and the 
DwF223 sample; (c) H2 evolution; (d) CO2 evolution; (e) O2 evolution.
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corrosion at high potentials [70], a phenomenon which is completely 
suppressed in the coated current collector.

On the negative side, all electrolytes exhibited similar stability, 
reaching approximately − 2 V vs. AgCl/Ag. However, on the positive 
side, stability improved with increasing salt concentration, from 1.23 V 
vs. AgCl/Ag for DwF221 to 1.57 V for DwF223 (Table 3). As a result, the 
most concentrated electrolyte achieved an ESW exceeding 3.5 V, 
attributed to strong intermolecular interactions between water, LiFSI, 
and DMSO, which reduce water’s availability for decomposition.

Typically, achieving such a wide ESW requires titanium as a current 
collector due to the corrosive nature of concentrated aqueous solutions 
[71]. However, titanium is expensive, dense, and classified as a critical 
raw material [72]. Demonstrating a 3.5 V ESW with Al-based collectors 
is a notable achievement that enhances the practical viability of these 
electrolytes.

To delve deeper into the stability of this class of electrolytes, dif
ferential electrochemical mass spectrometry (DEMS) was performed on 
DwF223, and the results were compared to those obtained with a stan
dard 1 M solution of Na2SO4 in water. Please note that for the DEMS 
measurements a sputtered Ti was used as a current collector, which has a 
sufficient electrochemical stability at low and high potentials, thus 
allowing for the cyclic voltammetry measurements over the wide po
tential range of WISE. This setup was chosen and built starting from the 
results obtained in a previous work on water-based electrolytes [33]. 
The DEMS results are reported in Fig. 5b, c, d and e, Fig. S9, and Fig. S10, 
where the ion currents related to a series of gas products (H2, CO2, HF, 
SO2 and O2) on different current collectors (carbon-coated titanium for 
Figs. 5 and S9 and pure titanium for Fig. S10). As clearly observed from 
Figs. S9 and S10, the hybrid superconcentrated electrolyte shows a 
substantially lower gas evolution compared to the diluted water-based 
one. This trend is not only due to the different water content of the 
two electrolytes because it also clearly maintains when the relative 
amount of water is taken into consideration. Indeed, in Fig. 5c, d and e, 
the currents proportional to the evolution of H2, CO2, and O2 are 
normalized by the water molality (10.4 mol kg-1 for DwF223, 55.5 mol 
kg-1 for the diluted solution). In particular, it can be seen that H2 starts to 
evolve at a less negative potential for the 1 M Na2SO4 solution in water 
(below − 1.2 V vs AgCl/Ag compared to the − 0.6 V for the diluted so
lution), meaning that the hybrid superconcentrated electrolyte is 
significantly more stable towards reduction. Moreover, on the oxidation 
side, no gas evolution is present for the DwF223 electrolyte, where both 
oxygen and carbon dioxide evolve for the diluted solution, once again 
proving the high stability of the solution compared to a diluted 
water-based electrode. It is also noteworthy that HF, SO2 (and many 
other possible gases) were also monitored by the mass spectrometer, but 
remained featureless at the background level over the entire potential 
range, indicating the absence of these possible products, as also shown in 
Figs. S9 and S10.

Given the proven stability of DwF223 electrolyte, to evaluate its 
potential applicability, lithium-ion full-cells were assembled using 
lithium-ion intercalation electrodes. The spinel LiMn₂O₄ (LMO) cathode 
and NASICON-type LiTi₂(PO₄)₃ (LTP) anode were selected due to their 
de-/lithiation potential being within the electrolyte ESW (Fig. 5a) and 
their suitability with water-based systems [73,74]. While the LTP 
negative electrode operates above the electrolyte’s cathodic 

decomposition limit, future work could explore electrodes that inter
calate lithium at ~− 1 V vs. LTP. On the opposite side, the positive limit 
doesn’t allow the use of higher energy materials suitable for water-based 
electrolytes, such as LiNi0.5Mn1.5O4 [22,75], making LMO the perfect 
option available. However, this study primarily focuses on electrolyte 
electrochemical and physicochemical properties.

The CV profile of LTP displays a single reversible redox peak corre
sponding to Ti⁴⁺/Ti³⁺ reduction and lithium insertion: 

LiTi4+2 (PO4)3 + 2Li+ + 2e− = Li3Ti3+2 (PO4)3 

occurring between − 0.56 V and − 0.40 V vs. AgCl/Ag. In contrast, 
LiMn₂O₄ exhibits two redox processes corresponding to the lithium 
insertion/extraction from tetrahedral sites and the Mn⁴⁺/Mn³⁺ redox 
transition [76]. 

LiMn3+Mn4+O4 = Mn4+
2 O4 + Li+ + e−

The Al/LTP/DwF223/LMO/CC-Al cell was cycled galvanostatically 
at 30 ◦C (Fig. 6a,b) and − 10 ◦C (Fig. 6c,d). The 30 ◦C cell was cycled for 
100 cycles between 0.9 V (discharge) and 2.1 V (charge) at 0.5C relative 
to the LTP mass. The first cycle exhibited significant irreversibility, with 
a coulombic efficiency of 45.3 %. However, efficiency improved to 99.5 
% in subsequent cycles, achieving a specific capacity of 70 mAh g⁻¹ 
(based on LTP mass) with 87 % retention after 100 cycles. The discharge 
potential remained stable at 1.5 V. Overall, the cell delivered an average 
specific energy of ~40 Wh/kg (sum of active material masses) with a 
round-trip efficiency decreasing from 89 % to 86 % over cycling.

Despite the optimization of the full cell setup is out of the scope of 
this work, some considerations may be made on the electrochemical 
performance. Considering the ESW of the hybrid electrolyte DwF223 
and the operative potential of LMO, it is safe to assume that part of the 
inefficiency, particularly during the first cycle, is due to the formation of 
a Cathode Electrolyte Interphase (CEI). This is not in contrast to the 
DEMS measurements, as it is known that the stability window is not a 
hard thermodynamic limit, but rather a soft kinetic one which ultimately 
may depend on the nature of the electrode [77]. Such layer may remain 
stable or break with the volume changes on the cathode, and the sta
bility depends on the nature of the electrolyte and its interaction with 
the cathode [78]. Other possible sources of irreversibility and capacity 
fading in water-containing electrolytes can be proton intercalation in the 
electrodes [79–81]. or reaction with dissolved species (like O2) [82]. In 
all these cases, the optimization of cell performance must necessarily 
pass through the optimization of the type of electrodes used and their 
nature, which goes beyond the scope of this work, mainly focused on the 
electrolytes.

Water and DMSO form low-melting-point solutions, enabling low- 
temperature battery operation. Cycling was performed at − 10 ◦C, the 
lowest temperature at which electrolyte conductivity remains above 
10–4 S cm-1, which is considered the threshold value of conductivity that 
an electrolyte must have for work in lithium-ion batteries [1]. To 
facilitate the operation of a battery with a less conductive electrolyte, it 
was decided to also lower the C-rate, passing from 0.5 C to 0.2 C, while 
the galvanic chain and the potential range are the same as the room 
temperature (RT) cycling measurement, i.e. between 2.1 and 0.9 V.

At − 10 ◦C, the average specific capacity was approximately half that 
of the RT cell, decreasing from 36 mAh gLTP

-1 in the first cycle to 26 by the 
50th cycle. The cell maintained a mean coulombic efficiency of 98.5 %, 
with a discharge capacity retention of 80.6 % after 50 cycles. The 
average discharge potential was 1.3 V, delivering a specific energy of 
about 15 Wh kgAM

-1 and a round-trip efficiency of 75 %.
The worsening of the cell performance when temperature decreases 

to − 10 ◦C can be explained by the drastic increase in the electrolyte 
resistance, as observed in Fig. S11, with an increase of more than an 
order of magnitude. Another important effect to be taken into consid
eration is the increase in charge transfer resistance, in particular that of 
LMO.

Table 3 
Electrochemical stability limit of the electrolytes.

Electrolyte Negative 
side (on Al) 
/ V vs 
AgCl/Ag

Positive 
side (on 
CC-Al) 
/ V vs 
AgCl/Ag

Negative 
side (on Al) 
/ V vs Li+/ 
Li

Positive 
side (on 
CC-Al) 
/ V vs Li+/ 
Li

ESW 
/ V

DwF221 − 1.93 1.23 1.35 4.51 3.16
DwF222 − 1.90 1.41 1.38 4.69 3.31
DwF223 − 1.95 1.57 1.33 4.85 3.52
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Overheating tests were conducted on LMO/LTP coin cells using the 
ES-ARC technique, comparing the DwF223 electrolyte with commercial 
LP30 as a reference. These tests measured the maximum self-heating 
rate (SHRMax) and the exothermal onset temperature (Texo), which 
indicate thermal decomposition and potential thermal runaway [83,84].

Fig. 7 presents the temperature vs. time profiles for the charged cells. 
Both cells exhibited an initial degradation event around 180 ◦C, likely 
attributed to the positive electrode, as similar behaviour was observed in 

LMO-based cells with Li4Ti5O12 anodes [21]. Given the superior thermal 
stability of NASICON structures compared to oxides, the degradation is 
primarily linked to the cathode.

Beyond 180 ◦C, the DwF223 cell demonstrated enhanced thermal 
stability. A second degradation event occurred at 235 ◦C, though it was 
minor in terms of both self-heating and duration. A final event at 256 ◦C 
remained localized, allowing the cell to reach the imposed upper tem
perature limit of 280 ◦C without triggering thermal runaway.

In contrast, the LP30 cell exhibited two major exothermic events, 
with the second one occurring at 206 ◦C, ultimately leading to a thermal 
runaway. The superior stability of DwF223 was further confirmed by its 
lower SHRMax value (0.065 ◦C min− 1) compared to LP30 (0.141 ◦C 
min− 1), indicating greater resistance to thermal abuse [85].

4. Conclusions

In this work, we propose dimethyl sulfoxide, DMSO, as a possible co- 
solvent for safe aqueous lithium-ion batteries. DMSO presents several 
advantages, such as great miscibility with water, cheapness and very low 
flammability. By adding the high soluble and largely employed salt 
lithium bis(fluorosulfonylimide), LiFSI, in different concentrations, 
three different electrolytes were prepared and fully characterized. The 
electrolytes resulted to be highly stable, both electrochemically, proving 
an electrochemical stability window up to 3.5 V (without use titanium 
current collectors), and thermally, without presenting any crystalliza
tion phenomenon, but only glass transitions lower than − 70 ◦C. DEMS 
analyses confirmed that the high stability window of these hybrid 
electrolytes is accompanied by a clear decrease in the evolving gases, 
and above all by a shift of the onset of these evolutions to more extreme 
potentials when compared to diluted electrolyte.

Fig. 6. Electrochemical characterizations of the electrolytes: (a) cycling curves of the LTP|DwF223|LMO full cell at room temperature; (b) capacity and efficiency 
trends of the LTP|DwF223|LMO cell at room temperature; (c) cycling curves of the LTP|DwF223|LMO cell at − 10 ◦C; (d) capacity and efficiency trends of the LTP| 
DwF223|LMO cell at − 10 ◦C.

Fig. 7. Thermal runaway behaviour of the LTP|electrolyte|LMO cells at full 
charge using D2w2F3 and LP30 as electrolytes.
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PFG-NMR measurements reveal a clear deceleration in species 
diffusivity with increasing salt concentration, driven by rising viscosity 
and ion interactions. Water remains the most mobile component, while 
similar diffusion rates for Li+, DMSO, and FSI− suggest persistent co
ordination. Notably, Li+ surpasses DMSO in mobility at high concen
trations, indicating a shift toward a hopping conduction mechanism. 
This behavior is supported by transference number trends, reduced 
hydrodynamic radii, and relaxation data, all pointing to dynamic ligand 
exchange and increased contact ion pairing in concentrated electrolytes.

Moreover, we managed to explain the intermolecular interactions 
which allow such stability through Raman spectroscopy: water and 
DMSO make strong intermolecular bonds, able to generate low freezing 
point solutions and the salt addition can accentuate this outcome.

Based on the physicochemical information gathered on the three 
solutions in exam, the highest concentrated solution emerges as the best 
compromise between electrochemical stability and transport properties. 
In fact, the lower conductivity, probably due to an increase in viscosity, 
is at least partially compensated by an increase in the apparent lithium 
transference number.

Finally, we evaluate the full-cell performance by coupling the elec
trolytes with the two standard electrodes LiTi2(PO4)3 and LiMn2O4 in a 
coin cell. The cell with the most concentrated electrolyte worked for 100 
cycles with a C-rate of 0.5C delivering an average discharge potential of 
1.5 V and a mean capacity of 60 mAh gLTP

-1 , which translates into an 
average energy of 40 Wh kgAM

-1 . In addition, we also performed a low- 
temperature cycling, which gave worse performances than the room 
temperature ones, but the differences are not so drastic, suggesting that 
the use of water/DMSO solutions could be a viable route for the devel
opment of energy storage devices working at low temperatures.
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