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Water-in-salt electrolytes are promising candidates for next-generation lithium-ion batteries due to their

enhanced safety and cost-effectiveness. However, optimizing the performance of hybrid aqueous/

non-aqueous water-in-salt electrolytes remains a challenge. This work investigates the structural

characteristics of mixtures of a LiTFSI water-in-salt based electrolyte (21 m) with several common

solvents (e.g. carbonates, dimethyl sulfoxide, acetonitrile) using molecular dynamics simulations

combined with experimental measurements. Our analysis reveals a correlation between the ability of a

given cosolvent to solvate lithium cations and its Lewis basicity. A strong Lewis basicity favours the

formation of free water cluster aggregates in the system, which reduces the electrochemical

performance of the electrolyte. Moreover, the relative permittivity of the cosolvents also plays an

important role in modifying the ionic interaction.

1 Introduction

Maintaining and raising the current life quality standard world-
wide comes with a growing demand for energy, which must be
efficiently used to avoid further aggravation of the climate
crisis. In this context, electrochemical energy storage (EES)
devices, such as batteries and supercapacitors, are very impor-
tant to enable the shift away from fossil fuels and to provide
solutions to sustainable and green energy sectors, particularly
for covering periods of high demand or low generation and for
portable applications and electric vehicles.1 Many approaches
have been followed with the aim of optimizing the performance
of EES systems in terms of efficiency, cost, safety and sustain-
ability, which includes the development of innovative electro-
lytes and electrode materials. Compared to the substantial
efforts devoted to the implementation of advanced electrode
materials, research on electrolytes has received less attention,
even though they are a crucial component that can govern the
performance of EES devices.2

Important characteristics for electrolyte selection include
good ionic conductivity, a wide electrochemical stability win-
dow (ESW), a wide working temperature range, high safety,
good chemical stability, minimal environmental hazard and
low cost. Traditional organic electrolytes have been often
employed for the development of commercial EES technologies
owing to their wide ESWs. Nevertheless, they should be
replaced due to high levels of toxicity, environmental polluting
potential and safety issues caused by their high flammability.3,4

Ionic liquids exhibit advantages such as non-flammability, high
thermal stability, and a wide ESW (up to 6.0 V), but their
widespread application is limited by high cost, viscosity, and
low ionic conductivity.5,6 Aqueous electrolytes seem to be viable
candidates for advanced EES devices due to their safety, low
cost, high ionic conductivity and ease of fabrication.7 However,
they come with an intrinsic ESW as narrow as B1.23 V, which
seriously limits the improvement of the energy density of
batteries and supercapacitors and thus hinders their practical
applications.8 In this context, during the last decade, intensive
efforts have been dedicated to the search of effective methods
to broaden the ESW of aqueous electrolytes.

Thus, in 2015, Suo et al.9 pioneeringly proposed a highly
concentrated aqueous electrolyte whose ESW was expanded up
to B3.0 V upon the formation of an electrode–electrolyte
interphase. This ‘‘water-in-salt’’ electrolyte (WiSE) was devel-
oped by dissolving lithium bis(trifluoromethane sulfonyl)imide
(LiTFSI) at extremely high concentrations (molality 4 20 m).
These binary systems exhibit unique solvation mechanisms
where most water molecules participate in metal-ion solvation,
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reducing the amount of free H2O molecules that could undergo
decomposition. Thus, the decomposition of salt anions leads to the
formation of a protective solid–electrolyte interphase (SEI), which
further prevents the reduction of water and expands the ESW.
Accordingly, the solvation structure, especially that involving water,
emerges as a key factor influencing the performance of the electro-
lyte. Following this work, this type of WiSE has been extensively
investigated by both experimental and computational means.10–17 In
addition, alternative formulations of WiSEs were proposed by
including more sustainable and cost-effective ions.18–29

To further improve SEI formation and energy density, addi-
tional salts have been introduced, forming ‘‘water-in-bisalt’’
electrolytes (WiBSEs).30–40 However, these systems increase
viscosity and reduce ionic conductivity, necessitating alterna-
tive strategies. One promising approach is the addition of
organic cosolvents to WiSEs, forming superconcentrated hybrid
aqueous/non-aqueous electrolytes that enhance ion dynamics
by decreasing cation–anion interactions.41–44 In addition, these
WiS-based hybrid aqueous/non-aqueous electrolytes possess
the intrinsic merits of each system: the aqueous portion
provides the non-flammability and non-toxicity attributes,
whereas the non-aqueous portion supports the formation of
an interface protecting the anode surface.

The first hybrid electrolyte, proposed by Wang et al.45 in
2018, incorporated dimethyl carbonate (DMC) into WiSE,
expanding the ESW to 4.1 V. Similarly, Dou et al.46 added
acetonitrile (ACN) to WiSE, improving conductivity, viscosity,
and temperature stability while preserving ESW. Molecular
dynamics (MD) simulations confirmed that ACN enhances
ion diffusion by disrupting cation–anion interactions.47 More
recently, Tang et al.48 developed hybrid WiSEs with dimethyl
sulfoxide (DMSO), demonstrating superior energy densities and
wider working temperature ranges. These hybrid electrolytes
have also been explored for sodium49–51 and zinc52–54 EES

technologies, showing ESWs of B3 V and promising electro-
chemical performance.

Even though there is an increasing interest in this kind of
hybrid aqueous/non-aqueous electrolytes due to their outstand-
ing properties, up to now most of the studies have been carried
out by experimental means. Scarce computational results have
focused on the solvation shell of the salt cation at a given
concentration. Furthermore, a systematic molecular-level
examination of the physical properties of a large number of
organic cosolvents mixed with a WiSE at different concentra-
tions is still missing. Therefore, with the aim of obtaining the
optimal formulation of an organic/water hybrid electrolyte, a
series of organic solvents [ACN, DMC, DMSO, dimethylforma-
mide (DMF), ethylene carbonate (EC), propylene carbonate
(PC), vinylene carbonate (VC) and diethyl carbonate (DEC)] at
three different concentrations [(LiTFSI)1.0/(H2O)2.6/(solvent)x,
with x being the solvent-to-salt molar ratio and taking values
of x = 1.0, 2.6 and 3.5] were added to the traditional WiSE (21 m
LiTFSI/H2O). A schematic representation of the eight different
cosolvents is shown in Fig. 1. A detailed study of the micro-
scopic structure at 298.15 K was performed by means of MD
simulations with a focus on the composition of the solvation
shells of cations and water molecules. In addition, experi-
mental measurements of the density and nuclear magnetic
resonance (NMR) of the 1H chemical shift in water molecules
were carried out in order to validate and compare them with the
computational results.

2 Materials and methods
2.1 Experimental details

LiTFSI was purchased from Iolitec with a purity 4 99%, and it
was purified under high vacuum for at least 48 h to remove

Fig. 1 3D models of the cosolvents used in the hybrid WiS electrolytes. Gray, blue, white, red, and yellow correspond to carbon, nitrogen, hydrogen,
oxygen, and sulfur atoms, respectively.
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volatile impurities. The 21 m LiTFSI mixture was prepared with
Milli-Q water. After the water mixture was prepared, the organic
cosolvent was added in three different molar fractions of 1, 2.6
and 3.5 with respect to 21 m LiTFSI. DMF, EC, ACN and VC were
purchased from Acros Organics (the first three with purities 4
99% and the latter with 98% purity). DMSO and PC were
purchased from Scharlau with purities of 99.9% and 99%,
respectively. DEC and DMC were purchased from Sigma-
Aldrich with a purity of 99% for both compounds.

Images of all the mixtures after one month are shown in Fig.
S1 of the ESI.† After mixing and obtaining a homogeneous
mixture, all samples were stored at room temperature for one
month before taking the pictures. After one month, crystals
were formed in the 21 m LiTFSI sample. As reported by Guo
et al.,55 the melting point of 21 m LiTFSI is near room
temperature (293–303 K), so the mixture melts upon slight
warming by hand, as shown in the ESI.† As for the other
mixtures, all of them were in the liquid state and perfectly
homogeneous, except for VC2.6 and VC3.5, which were
precipitated.

2.1.1 Density measurements. Density was measured using
an Anton Paar DSA 5000 vibrating tube densimeter, with a
resolution of 10�6 g cm�3. The temperature was controlled to
298 K within �10�3 K by means of a Peltier module. The
densimeter was calibrated with dry air and distilled water at
known pressure and temperature.56

2.1.2 Nuclear magnetic resonance measurements. The
1H NMR spectra were obtained using a Bruker Neo 750 spectro-
meter with a magnetic field of 17.6 T and a proton resonance
frequency of 750 MHz, without sample rotation. A NEO-750
spectrometer equipped with a PA-TXI 1H/13C/15N triple reso-
nance probe with PFGz-gradient capability was used. The 1D 1H
spectrum was obtained under quantitative conditions using a
low excitation tilt pulse angle of 5 degrees, 64 scans with an
inter-scan delay (d1) of 4 s and an acquisition time (aq) of
2.88 s. The samples were prepared in 5 mm standard tubes and
stored at 298 K to perform the measurement.

2.2 Computational details

Atomistic MD simulations of hybrid WiS electrolytes were
carried out using the GROMACS 2021.6 package57,58 with the
OPLS-AA force field.59 The simulation box of the 21 m LiTFSI/
H2O electrolyte was composed of 1000 salt ion pairs and 2600
water molecules, whereas for the hybrid WiS electrolytes 1000,
2600 and 3500 solvent molecules were added to the 21 m WiS to
obtain solvent-to-salt molar fractions of x = 1.0, 2.6 and 3.5,
respectively. Several water models were compared in order to
determine the one that most accurately reproduces the experi-
mental properties of the 21 m WiS electrolyte,15,16 and the
TIP4P water model60 was ultimately selected for this work (see
Table S1 and Fig. S1 in the ESI†).

The parametrization of the TFSI anion61,62 was adopted
from the CL&P force field.63 The metal cation was modeled
as a single-site particle with Lennard-Jones parameters s =
0.125992 nm and e = 26.15 kJ mol�1.64 The charge of both ions
was scaled by a factor of 0.8 in order to improve the dynamics of

the studied systems, as shown in previously reported works.65

The parameters for the cosolvent ACN are shown in Table S2
(ESI†), while for the remaining cosolvents, the parameters were
obtained using fftool and parametrizations from the OPLS-AA
force field.59,66–71

All the calculations followed the same simulation protocol.
Initially, simulation boxes were generated using PACKMOL,72

followed by energy minimization in GROMACS using a steepest
descent algorithm with a force constant of 0.1 kJ mol�1 nm�1

and an initial step size of 0.01 nm. Subsequently, a 20 ns
equilibration in the NPT ensemble was performed, followed by
a 20 ns production run in the NVT ensemble. A time step of 1 fs
was employed throughout all MD simulations. Temperature
was held at 298.15 K by means of the V-rescale thermostat73

with a 0.1 ps coupling constant, while pressure was kept at
1.0 atm by employing an isotropic Parrinello–Rahman
barostat74 with a coupling time of 1.0 ps.

Long-range Coulomb interactions were computed using the
smooth particle-mesh Ewald (PME)75 method with a real-space
cut-off radius of 1.1 nm. The Fourier grid spacing was 0.12 nm
with cubic interpolation. A Verlet cutoff scheme was used to
optimize the grid spacing and Coulomb cut-off. van der Waals
forces were considered within a cut-off radius of 1.1 nm.
Finally, the linear constraint solver (LINCS) algorithm,76,77 with
a fourth-order expansion of the constraint coupling matrix, was
employed to fix all bond lengths involving hydrogen atoms.

3 Results and discussion
3.1 Density

To address the validity of the chosen parametrization, the
density of all systems was determined both experimentally
and from MD simulations. A comparison of these measure-
ments across different cosolvent concentrations is shown in
Fig. 2. As can be seen from the figure, there exists an excellent
agreement between the experimental and computational
results for all analyzed systems, in both tendency and magni-
tude, with the largest deviation among all systems being
�2.05% for a 2.6 molar fraction of DEC. In light of these
results, the chosen parametrizations were deemed adequate
to model the behaviours of the analyzed mixtures.

3.2 Long-range structures

To investigate the structural changes induced by the addition of
cosolvents, the total structure factor was calculated as follows:78

SðqÞ ¼ 1

N

XN
i¼1

cos q � rið Þ
" #2

þ
XN
i¼1

sin q � rið Þ
" #2* +

; (1)

The results are depicted in Fig. 3 for all mixtures. Three
distinct features are observed in the structure factor: a peak at
low q values (around 0.5 Å�1), associated to larger length-scale
correlations (such as long-range water structures); a mid-range
peak (around 1.5 Å�1), related to the spatial correlations
between the solvation shells of neighboring ions; and a
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high-q peak (around 2.5 Å�1), corresponding to molecule
adjacency and the solvation shell of Li+ cations.

For most cosolvents, the positions and intensities of these
peaks exhibit minimal variations with its concentration, sug-
gesting only slight alterations to the local structure of the
mixtures. However, this does not happen for systems with
DMSO or DMF as cosolvents. In these cases, increasing the
cosolvent concentration leads to a noticeable redshift of the
low-q peak, accompanied by a substantial increase in its peak
intensity. This behaviour indicates the emergence of large-scale
structural features within the simulations, such as extensive
molecular clustering, which has significant implications for the
microscopic interactions and organization of the system. The
pronounced changes in the structure factors for DMSO and
DMF indicate that these cosolvents induce greater structural
reorganization at higher concentrations, potentially resulting
in more extensive water clustering – a phenomenon that will be
analyzed in detail later on.

The second peak remains independent of cosolvent concen-
tration, with no significant changes in either intensity or
position, which suggests that the structural organization
between the solvation shells of neighboring ions is largely
unaffected by the amount of cosolvent in the mixture. On the

other hand, some noticeable changes are found in the high-q
peak, which can be related to changes in the first solvation shell
of Li+ cations and H2O molecules. Special attention is required
in the DEC systems. As the concentration of this solvent
increases, its molecules begin to compete with the cation for
water coordination (as will be discussed later), thus disrupting
the well-structured solvation shells of the metal. This reduction
in short-range order likely contributes to the weakening and
eventual disappearance of the third peak.

Computational X-ray structure factors can be derived from
the total structure factor computed from the simulations if the
molar fraction of each atomic element within the systems is
taken into account, as explained in the ESI.† The computa-
tional X-ray structure factors for all systems can be found in Fig.
S3 of the ESI,† allowing potential comparison with future
experiments, since to our knowledge no current X-ray data
are available for the studied systems. There is an apparent
difference between this spectrum and the one shown in Fig. 3.
Notably, in the former, the long range structures formed in
systems involving DMF and DMSO are not collected. X-Ray
scattering may not be the optimal method for analyzing these
systems because it can result in a loss of information. There-
fore, alternative scattering techniques, such as neutron or
electron scattering, would be necessary for a comprehensive
analysis of the systems.

Fig. 2 (a) Simulated (circle) and experimental (triangles) densities at T =
298.15 K for different concentrations. Expanded standard uncertainties are
0.0050 g cm�3 (0.95 level of confidence) for experimental data. Dotted
lines are included as a guide for the eye. (b) Comparison between
computational and experimental densities at T = 298.15 K for different
concentrations. The black dashed line corresponds to matching values and
is meant as a visual aid. Each color corresponds to a different cosolvent
and each marker to a different value of the molar ratio.

Fig. 3 Total structure factor S(q) as a function of the wave vector
modulus q. Each subplot compares the structure factor for the different
organic cosolvents at each cosolvent concentration.
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To understand the nature of the long-range structures and,
in particular, those found in mixtures with DMF and DMSO, an
analysis of the partial structure factors can be performed, where
the total S(q) is decomposed into contributions from each
individual pair of atoms. Fig. 4 displays the partial structure
factors for systems with high cosolvent concentrations. The
corresponding results for lower cosolvent concentrations are
provided in Fig. S4 and S5 of the ESI.† A close examination of
the H2O–H2O contribution clearly shows that the shoulder
observed in the total structure factor at low q-values for DMSO
and DMF arises from the formation of large water clusters,
which are absent in other cosolvents and concentrations. This
clustering likely occurs, as will be discussed during the analysis
of the cation solvation structure, due to the strong solvation
preference of DMF and DMSO for Li+, which forces water
molecules to interact primarily with other water molecules
rather than with the ions or cosolvent.

While low-q features can originate from various physical
phenomena, including nanophase separation or ion aggrega-
tion, in the case of DMSO and DMF, these features arise
predominantly from enhanced H2O–H2O correlations, indicat-
ing the formation of extended water clusters at high cosolvent
concentrations. This behaviour, as will be discussed later, is
attributed to the strong preferential solvation of Li+ by these
cosolvents rather than water molecules, which limits the

availability of water in the first solvation shell and promotes
self-association between water molecules. The formation of
such free water-rich domains can be detrimental to electroche-
mical stability. Free or loosely coordinated water molecules
have been shown to facilitate parasitic side reactions, reduce
the ESW, and promote hydrogen evolution processes.9,79

In order to quantify the degree of aggregation between water
molecules throughout the systems, we follow the approach
proposed by Carrete et al.80 For each simulation frame, an
undirected graph is constructed, with each node representing
an oxygen atom in a water molecule. Two nodes are connected
if the distance between the particles they represent is less than
a given cutoff, which was set to 4 Å, corresponding to the first
minimum of the radial distribution functions (RDFs) between
these components, which are depicted in Fig. S6 of the ESI.† In
this framework, a cluster of size N is defined as a group of N
connected nodes that are isolated from the rest of the graph.
Probability distribution functions of finding a water molecule
in a cluster of a given size for the different cosolvent concen-
trations are shown in Fig. 5. From these functions, cumulative
distribution functions F(x) can be defined in order to represent
the probability of finding a water molecule in a cluster with a
size not greater than N. Accordingly, in Fig. S7 of the ESI,† the
probabilities of finding a water molecule in clusters larger than
certain sizes, 1 � F(X), are depicted for clusters involving more
than 2.5%, 5.0%, and 10.0% of the water molecules in the
system.

Comparing the water cluster distributions of the different
mixtures (Fig. 5) reveals notable differences in the clustering
behaviour based on concentration and solvent type. Lower
cosolvent concentrations exhibit larger water clusters, which

Fig. 4 Partial structure factors Sab(q) as a function of the wave vector
modulus q for the LiTFSI1/(H2O)2.6/(Solv)3.5 systems.

Fig. 5 Probability distribution functions of finding a H2O molecule in a
cluster of a given size (number of H2O molecules on it) for the different
cosolvent concentrations (increasing from left to right). Each subplot
corresponds to a cosolvent, from top to bottom: ACN, DMF, DMSO,
DEC, DMC, EC, PC and VC. Note the logarithmic scale in the y-axis.
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break apart when concentration is increased for almost all
systems, signaling a reduction in the coordination of water
molecules with one another, thus leading to the homogeniza-
tion of the system. Only for DMSO and DMF mixtures, a
significant percentage of large water clusters is found at these
concentrations. More specifically, in DMSO mixtures, around
40% of water molecules form large aggregates that include at
least 10% of the total water content. In contrast, while high
concentrations of DMF also enhance water aggregation com-
pared to lower concentrations, the number of water molecules
involved remains lower than in DMSO. It is important to
highlight that the MD simulations for VC systems do not reveal
any significant long-range structures, contrarily to experi-
mental results where certain heterogeneities were found. This
discrepancy may be attributed to the spatial resolution of MD
simulations, which could not capture large aggregates that
affect light scattering.

The size of these water aggregates can be estimated from
their radii of gyration, using them as a measure of their spatial
range. The results are shown in Fig. S8 of the ESI,† where the
radii of gyration for each cluster size and system are repre-
sented. As shown in the figure, nearly all cosolvents exhibit
similar growth ratios and sizes across all concentrations,
differing only in the maximum cluster extension observed.
However, for DMF and, notably, DMSO, a trend shift is
observed at high concentrations, specifically in the cluster
region corresponding to approximately 10–20% of the total
size. Moreover, it should be noted that this discussion of the
connectivity of the water network does not reveal information
about the composition of these water clusters, as other species
could be involved in these structures. In fact, this reported shift
is due to a change in the composition of water clusters, from
mixed aggregations that also involve other moieties to aggrega-
tions consisting almost exclusively of water molecules.
Although this aspect will be further explored when studying
the solvation environment of the molecules within the system,
1H NMR can be employed to analyse the environment of water
molecules to determine the composition of the solvation shell
of the lithium cations.

1H NMR was used to explore the formation of free H2O
clusters and the hydrogen bonding interactions within the
mixtures. In Fig. 6, the chemical shift of water molecules is
displayed, whereas complete NMR measurements are shown in

Fig. S9 (ESI†). As shown in Fig. 6, the chemical shift is reduced
from 4.7 ppm of pure water protons to 2.93 ppm of the 21 m
LiTFSI sample when an almost complete shielding of the
protons in the water molecules solvating Li+ cation is produced.
In this saturated mixture, water molecules are located in the
first hydration shell and simultaneously bonded with the
cations and anions due to an increase in the induced partial
electric charges on oxygen and hydrogen atoms, so the 1H NMR
water signal corresponds to a single ion-bond species.81 A
scheme of these water–ion interactions is shown in Fig. 7(a).
This unexpected behaviour was already observed in previous
works82 in LiTFSI-based WiSEs and could be justified in the
interaction of water molecules with TFSI� anions, which
enhances the water electronic density.

When the cosolvent mole fraction is increased, a down-field
tendency is observed as the cosolvent molecules modify the
water environment. Instead of interacting uniquely with ions,
water molecules start interacting with ions and solvents with
less charge density, which provokes a deshielding and moves
the 1H peak to low fields (see Fig. 7(b)). The chemical shift
between pure water and the water/solvent mixtures differs
depending on the organic solvent. However, none of the
electrolytes presents the aforementioned pure water peak at
4.7 ppm. Instead of observing two separate peaks for coordi-
nated and uncoordinated water molecules, a single weighted
average peak is observed for each cosolvent, which correlates
with the mole fraction of water molecules coordinated to the
lithium cation. This indicates that the time scale of NMR
spectroscopy is slower than the rapid exchange of coordinated
and uncoordinated water molecules to the lithium cation.83,84

Regarding the 1H chemical shift of water, the different cosol-
vents could be classified into three different groups according
to their chemical structure.

The first one is formed by ring-structured solvents such as
EC, VC and PC and stable bonds, such as ACN. This type of
organic solvent induces strong shields that shift the water
resonance to strong fields. In the case of ACN, this strong
shielding is caused by a strong hydrogen bond with water due
to the triple bond within the molecule. Since ACN interacts with
H2O molecules, if the ACN concentration is increased, fewer
water clusters are formed and the chemical shift related to
water is displaced to strong fields. Regarding the cyclic

Fig. 6 Normalized NMR spectra of LiTFSI1/(H2O)2.6/(Solv)3.5 systems
showing the 1H chemical shift of water molecules.

Fig. 7 Schematic of the water interactions in the first hydration shell of
lithium: (a) 21 m LiTFSI and (b) LiTFSI1/(H2O)2.6/PC3.5.
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carbonates, EC has the largest chemical shift. The double bond
within VC generates an anisotropy in the magnetic field, so the
protons situated above or below the double bond system will
shift towards a higher field in comparison with EC. Since PC
shares the same structure with EC, except for a methyl sub-
stituent, that is an electron-releasing group, the shielding will
be increased and the chemical shift moved to strong fields.

The second type of solvent includes those containing linear
alkyl-carbonate chains in their molecular structure such as DEC
and DMC. Unlike cyclic carbonates that produce strong coordi-
nation environments, leading to low chemical shifts of water
and due to specific solvation and intermolecular interactions,
linear carbonates have less rigid structures resulting in a small
shift due to their weaker ion coordination capabilities and
slightly different solvation behaviours. The polarity of the
molecules also plays a key role in chemical shifts. Since linear
carbonates have relative permittivities lower than 15,84,85 they
are considered non-polar compounds, which limits their mix-
ing with water molecules. In these WiS mixtures, it can be
found that these cosolvents, particularly DEC, preferentially
solvate water molecules instead of cations. This interaction
alters the water environment and results in a shift of the 1H
water peak to lower magnetic field strengths.

The last group represents those containing linear chains
with high electronegativity elements such as sulfur and nitro-
gen in the substituents, namely, DMSO and DMF, respectively.
The substituents with electron-withdrawing ability will
decrease the electron density around the proton and cause
deshielding so that the chemical shift will appear downfield.
Any potential hydrogen-bond acceptor will tend to shift the
water signal downfield, particularly in the case of non-polar
solvents.86

Finally, in order to relate in a more precise way the effects of
water clustering on the NMR spectra, two different toy models
are presented to predict the 1H shift of water molecules from
the fractions of water molecules that are found to be coordinat-
ing Li+ cations. The first model is a simple one where it is
assumed that the shift found in the experimental NMR calcula-
tions is due to two contributions: a free water contribution of
the molecules that are not part of the cation solvation shell and
a ‘‘water-in-salt contribution’’ of water molecules in the solva-
tion shell of Li+:

d1H = d1HWiS�f + d1Hw�(1 � f ) = 4.7�f + 2.93�(1 � f )
(2)

where f is the fraction of water molecules that are found in the
first solvation shell of Li+ cations (being 1 � f the ‘‘free water
fraction’’, which is strictly related to the water clustering
behaviour) and d1Hw/WiS are the experimental values corres-
ponding to the 1H chemical shift of water molecules for the
pure-water/WiS systems.

A more complex model can be taken into account if water–
cosolvent interactions are considered in such a way that:

d1H = d1HWiS�f + d1Hw�f 0 + d1Hsw�(1 � f � f 0) (3)

where f0, which represents the free water fraction, corresponds
to the water molecules that have more water molecules in their
solvation shell than cosolvent molecules. d1Hsw represents the
shift of water molecules in cosolvent media and is computed
using density functional theory simulations. The details of
these simulations and on how water fractions were obtained
from MD simulations can be found in the ESI.†

The comparison between both models and experimental
NMR shifts can be found in Fig. 8. As can be seen from the
figure, quite a good agreement is found for most solvents
across both models. The fact that the two- and three-
contribution models yield very similar predictions suggests
that the water–cosolvent interaction term, introduced in the
three-contribution model, plays only a minor role in determin-
ing the overall 1H chemical shift of water in these mixtures.
Despite the simplicity of the approach, this framework is able
to reproduce the experimental values with remarkable accu-
racy, highlighting that the dominant contribution to the NMR
signal arises from the population of free water molecules.
Therefore, even though the model neglects specific molecular
details, it still captures the essential physics governing the
chemical shift trends. The discrepancies observed for some
systems, such as DMF and DEC, may arise from the simplifica-
tions inherent in this ideal approximation. Notably, the model

Fig. 8 Comparison between the two models for predicting NMR shifts
from water fractions. The results of the two-contribution model defined in
eqn (2) (top) and the three-contribution model defined in eqn (3) (bottom)
are plotted against the experimental shifts found in NMR experiments.
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does not account for the presence and influence of the TFSI�

anion, which should affect the local environment and therefore
the NMR shifts. Additionally, these approaches assume the
additivity and linearity of contributions, which may not fully
describe the complexity of interactions in concentrated or
strongly interacting systems. Beyond these simplifications,
other solvent-specific effects, must be behind the discrepancies
between model and experiment, though no clear cause emerges
and further experiments would be needed for a detailed
analysis.

3.3 Solvation structure

In order to gain further insights into the microscopic surround-
ings of the different molecules in our system, the solvation
structure will be studied. For that purpose, minimum-distance
distribution functions (MDDFs)87 were computed using the
ComplexMixtures.jl package.88 The main advantage of MDDFs
over traditional RDFs lies in the fact that the former take into
account the irregular shape of the molecules, which enables a
clearer view of the local interactions between the molecules
within the system. Thus, due to the structural diversity of the
different solvents considered in this work, MDDFs were
deemed more suitable for capturing the features of the solva-
tion structures in a more precise way.

MDDFs between Li+ cations and other molecules in the
system are depicted in Fig. 9. As can be seen, the first solvation
shell of the cation is located at 2.6 Å and its position remains

unchanged with cosolvent molar fraction. At low amounts of
cosolvent, the shapes obtained for the MDDFs representing
cation–anion and cation–water interactions agree with those
found in the literature for pure WiS electrolytes.15

In examining the Li+–TFSI� interaction across the different
cosolvents, DEC and DMSO emerge as distinctive cases. First,
DEC shows minimal influence on the ion pairing between Li+

and TFSI�, even as its concentration increases. This stability is
due to the preference of DEC molecules to associate with water
rather than with the cations. This behaviour enables TFSI�

anions to remain in the proximity of Li+, even when the mole
fraction of the cosolvent is high. This contrasts with other
cosolvents, which gradually disrupt ion coordination as their
concentrations increase, emphasizing DEC as an outlier that
has a minimal effect on Li+–TFSI� coordination.

In contrast, DMSO exhibits a nearly opposite behaviour,
strongly damping the ionic interactions. As DMSO mole frac-
tion increases, ion pairing is increasingly disrupted, as DMSO
molecules strongly compete for solvation around the Li+ cation,
shifting TFSI� to a more peripheral position. This suggests
that, at high concentrations, DMSO dominates the cation
solvation shell, effectively displacing the anion and promoting
a more separated ionic configuration. The resulting increased
separation between ions highlights the strong coordinating
effect of DMSO, effectively restructuring the electrolyte by
weakening and spatially extending ion pairing in the system,
allowing new long range water structures to form, as previously

Fig. 9 MDDFs between Li+ cations and TFSI� anions (top), H2O molecules (middle) and cosolvent molecules (bottom) for different concentrations
(increasing from left to right).
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discussed. This behaviour was reported in previous works
involving WiSEs based on LiTFSI with low mole fractions of
DMSO.48

Quantitative information about the Li+ surroundings can be
obtained if coordination numbers, which can be extracted from
MDDFs, are evaluated at the first solvation shell (r = 2.6 Å).
These are depicted in Fig. 10. The coordination numbers
indicate that all analyzed cosolvents progressively displace
TFSI� anions from the immediate solvation shell of Li+ cations
as cosolvent concentration increases. This displacement recon-
figures the coordination environment of the cation, pushing
the anions to more distant regions and thereby reducing ionic
interactions. While water molecules in the solvation shell are
initially less affected, their presence also diminishes at higher
cosolvent concentrations, though to a lesser extent than TFSI�.
Notably, it can be seen that the well-known Li+ tetrahedral
coordination is always preserved independently of the cosol-
vent. Among cosolvents, DEC and DMSO exhibit distinct
impacts on ionic interactions, as previously discussed. Specifi-
cally, DEC minimally disrupts ionic pairing, in contrast to
DMSO, whose strong coordinating effect modifies the ionic

surroundings, displacing almost all other species within the
system except from itself.

The coordination numbers provided may offer an average
representation of the solvation environment surrounding
cations. However, the actual environment experienced by the
Li+ cations is inherently dynamic and subject to time variations.
Consequently, distinct Li+ cations encounter diverse local sol-
vation conditions. As these environments significantly impact
electrolyte performance by influencing cation diffusion, it is
essential to investigate the specific influence of each cosolvent
within the system. To do so, the probability of the most
favoured local solvation configurations found during the simu-
lations was assessed. Fig. 11 presents these configurations
across different systems and molar fractions, where each bar
represents one of the four most probable solvation configura-
tions for each system. The bars are segmented to illustrate the
compositions around the Li+ cation, with color-coded sections
indicating the presence of TFSI�, H2O and cosolvent molecules.
This approach allows a more precise comparative evaluation of
how each cosolvent alters the solvation structure surrounding
the cation, highlighting significant compositional shifts and

Fig. 10 Coordination numbers for the Li+ cations across different systems
(indicated in the x-axis) and molar fractions (increasing from top to
bottom). Each column represents the coordination number of a distinct
molecular species within the system.

Fig. 11 Most favoured solvation configurations around Li+ cations across
different systems (indicated in the x-axis) and molar fractions (increasing
from top to bottom). Each bar represents one of the four most probable
configurations. In order to depict the composition of each one, bars are
divided into four different segments representing the molecules that can
be found around the cation. Then, each segment is coloured to differ-
entiate the species it represents: TFSI� (red), H2O (blue) and cosolvent
(green).
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similar/distinctive solvation behaviours. As can be observed, at
low molar fractions of cosolvent, there are hardly any differ-
ences in the resulting arrangements around the cations. At
these lower concentrations, water molecules dominate the
solvation shell, with cosolvent molecules only occasionally
replacing H2O and TFSI� ions. This tendency aligns with the
coordination number findings, indicating a stable water-rich
environment in initial stages. Most notable differences can be
found when increasing the cosolvent concentrations.

Although the strong coordinating behaviour of DMSO was
already made clear previously, from Fig. 11 it can be seen that
DMF also displaces H2O molecules and TFSI� anions from the
immediate vicinity of the cation. At the highest mole fraction,
both cosolvents favour configurations dominated by three
organic molecules, with DMSO also strongly favouring the
configuration with four DMSO molecules, effectively excluding
both H2O and TFSI� from the immediate coordination sphere.
In contrast, systems with DEC or DMC cosolvents retain at least
one TFSI� ion within the solvation shell even at higher con-
centrations, reflecting the relatively weaker coordination with
the Li+ of DEC and DMC. This preservation of TFSI� alongside
cosolvent molecules suggests that these aliphatic solvents lack
the polar and coordinating strength seen in DMSO or DMF,
where TFSI� is effectively excluded from the solvation structure.

The effect of the cosolvent on the solvation shells of
metal cations, as well as their coordinating behaviour with
respect to the anions, can be rationalized through Kamlet–Taft
parameters,89–91 Gutmann donor numbers (DNs)92 and the
dielectric permittivities of the cosolvents. The values of these
parameters for the different cosolvents as well as water are
shown in Table 1. On the one hand, Kamlet–Taft parameters
serve as three complementary scales: a, b and p*, which take
into account the overall solvent effects, combining its polarity
and hydrogen-bonding capabilities. Specifically, a represents
the solvent’s hydrogen-bond donating ability, b its hydrogen-
bond accepting capacity, and p* its dipolarity/polarizability. In
this context, the b parameter is articulated as a metric of the
basicity of solvents. As can be seen, DMSO and DMF present
greater b values between all of the analysed cosolvents and,
moreover, they are the only compounds that present greater b
values than that of water. As these compounds present an

anomalous behaviour with respect to water cluster formation,
these observations underscore the significance of solvent basi-
city in dictating molecular interactions. To further elucidate
this aspect, DNs can be taken into account as a quantitative
metric of the electron-donating capabilities of the solvents. As
can be seen, the same trend as that found for the b parameter is
also observed for DNs. This indicates that these cosolvents have
a higher affinity than water to coordinate with lithium cations,
making them preferentially located in the proximity of these
atoms rather than water molecules. When the DN of a given
cosolvent exceeds that of water, it will preferentially coordinate
with lithium cations, displacing water molecules from the
primary solvation shell. Therefore, the DN is not only a quali-
tative descriptor of solvation strength, but also a robust indi-
cator to predict the formation of long-range water structures in
the system.

On the other hand, with respect to p* values, linear carbo-
nates exhibit distinct values compared to their cyclic counter-
parts, highlighting the differences in their solvation behaviour.
The p* parameter represents the solvents dipolarity and polar-
izability, providing insights into its ability to stabilize charge
distributions through non-specific electrostatic interactions.
While this parameter captures important aspects of solute–
solvent interactions, the dielectric permittivity offers a more
direct measure of the solvent’s ability to modulate electrostatic
forces between charged species. Notably, this effect is quanti-
tatively reflected in its correlation with the Bjerrum length. A
higher dielectric permittivity reduces the Bjerrum length,
reflecting the weakened Coulomb interactions between cations
and anions. In systems where the dielectric permittivity of the
cosolvent is significantly lower, as in the case of non-polar
compounds like DEC or DMC, the reduced screening effect
strengthens the ion pairing allowing TFSI� anions to remain in
the first solvation shell of the cation, increasing the effective
distance between ions. Therefore, electrolytes incorporating
cosolvents with low dielectric permittivities tend to increase
the number of TFSI� anions in the first solvation shell of the Li+

cation.
The displacement of TFSI� from the solvation shell is

especially advantageous for electrolyte performance, as it leaves
the cation free to migrate independently toward the electrode,
enhancing ionic transport. When Li+ and TFSI� ions remain in
close association, they behave as a neutral unit, reducing
conductivity and limiting the efficiency of ion migration
within the electrolyte. Thus, cosolvents that effectively separate
Li+ from TFSI� may significantly improve lithium transport
to the electrodes, supporting higher-performance electrolyte
systems.99 In this regard, non-polar cosolvents, and more
precisely DEC, would not be the most suitable cosolvents, as
their weaker coordination with Li+ allows TFSI� to remain in
the solvation shell, potentially limiting ionic mobility. However,
cosolvents presenting higher DNs than water molecules (such
as DMSO and DMF) are also suboptimal because, while they
efficiently exclude TFSI�, they also displace water from the
immediate solvation environment around Li+, increasing the
amount of free water molecules in the system. As stated before,

Table 1 Kamlet–Taft parameters, donor numbers (DN) and relative per-
mittivity (er) of water and the different cosolvents used in the mixtures. The
Kamlet–Taft parameters and DN of VC were not available in the literature,
but these values (and more precisely the b parameter and the DN) are
expected to be similar to those of the other cyclic carbonates

System a b p* DN [kcal mol�1] er

ACN 0.1993 0.4093 0.6693 14.194 36.6495

DMF 0.0093 0.6993 0.8893 26.693 38.2595

DMSO 0.0093 0.7693 1.0093 29.893 47.2495

DEC 0.0096 0.4096 0.4596 16.093 2.82095

DMC 0.0097 0.3897 0.4797 17.294 3.08795

PC 0.0098 0.3898 0.9098 15.193 66.1495

EC 0.0098 0.3298 0.9998 16.494 89.7895

VC — — — — 12795

Water 1.1793 0.4793 1.0993 18.094 80.195
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the presence of free water is critical to consider as it hinders
some of the electrochemical properties of the electrolytes.
Indeed, Xiao et al. have demonstrated that, for a LiTFSI1/
(H2O)2.6/DMF3.5 WiSE, the appearance of these structures nar-
rowed the ESW of these solutions42 with respect to the pure
21 m WiS LiTFSI.

In this context, cyclic carbonates, which display an identical
behaviour when increasing their molar fraction, are shown to
be the most suitable candidates in order to effectively remove
the TFSI� from the cation vicinity while simultaneously retain-
ing water molecules within the solvation shell. As can be seen
from Fig. 11, the inclusion of cyclic carbonates favours config-
urations incorporating at least two water molecules, and in
some of their most stable configurations, maintaining up to
four water molecules, even at elevated cosolvent concentra-
tions. This persistent retention of water suggests that the
structural features of these cyclic carbonates, including their
rigid ring systems and orientations of functional groups, may
restrict their ability to fully displace H2O around Li+. Unlike
linear solvents, which may more readily conform to the solva-
tion shell geometry around the cation and thus replace H2O
effectively, the cyclic nature of these carbonates could reduce
their spatial adaptability and decrease their competitiveness for
coordination sites near Li+ cations. Furthermore, the higher
dielectric constant of cyclic carbonates compared to their linear
counterparts can explain why cyclic carbonates are more effi-
cient displacing TFSI� anions from the vicinity of the Li+

cations than their linear counterparts.
An analysis of the water environment can also reveal relevant

information about electrolyte performance, particularly con-
cerning the fate of water molecules that leave the cation
solvation layers as cosolvent mole fraction increases. The
coordinating behaviour of these molecules is especially crucial
when assessing whether a given electrolyte is suitable for use in
electrochemical devices, since large aggregations of water can
trigger decomposition reactions at the electrodes that will
compromise their performance. Therefore, it is crucial to
determine whether water molecules that abandon Li+ cations
have tendencies to coordinate among themselves, or if they are
homogeneously distributed throughout the system, incorpo-
rated with the solvent and anion networks.

To obtain a general view of the water solvation mechanism,
MDDFs between water molecules and the other moieties in the
system and their related coordination numbers were computed.
MDDFs are depicted in Fig. S10 of the ESI† and indicate a
progressive reorganization of water molecules around different
components in the electrolyte when increasing the cosolvent
mole fraction. From these MDDFs, coordination numbers can
be computed using a cutoff distance of 2.7 Å for all the systems,
which defines the first solvation layer. The coordination num-
bers for the varying mole fractions are depicted in Fig. 12.
Similar to the findings related to cation solvation, it is clear
that, at low cosolvent mole fractions, the structural configura-
tions around water show similarities across the different addi-
tives. As the mole fraction grows, a greater variety of distinct
behaviours can be observed.

The formation of water clusters is reaffirmed in systems
containing DMF and, in particular, DMSO, as the presence of
other water molecules in the solvation shell is highly intensi-
fied, which is in perfect agreement with the structural factors
shown in Fig. 3. These cosolvents demonstrate strong coordi-
nation with Li+ and actively displace water from its immediate
coordination sphere. These H2O molecules tend to form
extended connected clusters rather than being fully dispersed
as isolated water molecules. As these clusters are harmful for
the electrode survival,9,79 the use of these cosolvents should be
limited to low concentrations for use as electrolytes in electro-
chemical devices. However, operating at low concentrations is
not particularly advantageous, as it restricts the amount of salt
that could be incorporated into the system.

The cation coordination analysis, illustrated in Fig. 10 and
11, revealed that all the analysed cyclic carbonates exhibit a
consistent pattern of coordinating behaviour across different
concentrations and, in particular, at high cosolvent mole frac-
tions. However, when analyzing water coordination in Fig. 12, it
becomes evident that VC presents a distinct behaviour

Fig. 12 Coordination numbers for the H2O molecules across different
systems (indicated in the x-axis) and molar fractions (increasing from top
to bottom). Each column represents the coordination number of a distinct
molecular species within the system.
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compared to the other carbonates. Notably, VC shows a reduced
ability to occupy the solvation shell of water molecules when
compared to EC and PC. Consequently, EC and PC are more
effective at isolating water molecules from one another by
displacing them, thereby decreasing the formation of water
aggregates within the system. These distinct behaviours could
be due to the differences in the dipole moment of these
molecules, with VC presenting smaller values (B4.5 D100) than
the ones exhibited by EC and PC (B4.9 D101). The distinctions
may not be relevant when examining the interaction with the
cation, primarily due to its Coulombic nature. However, these
differences become significant in the context of interactions
with water molecules, where dipolar interactions play a crucial
role. Since the value for the dipole moment of VC is more
similar to that of water molecules, the interaction is likely
to be less preferential compared to interactions involving
higher dipole moments, such as those associated with EC
and PC, reducing the overall cosolvent presence around water
molecules.

The analysis of the structure, particularly regarding solva-
tion in our systems, can be summarized using two key para-
meters: the free water fraction and the number of H2O–H2O
hydrogen bonds, which are depicted in Fig. 13. In this context,
the free water fraction is defined as the number of water
molecules that are not included in the first solvation shell of
the cations. As shown in Fig. 13a, the presence of clusters in
DMSO systems is reflected here as a substantial increase in the
free water fraction, which, as previously noted, is harmful to the
resilience of the electrode. The formation of clusters in DMF is
not clearly reflected by this parameter, since compounds such
as DMC reach similar values for the free water fraction. This
can be attributed to the considerably smaller size of the clusters
formed in these systems compared to those where DMSO is
added, as can be seen from Fig. 5. Consequently, it is evident
that cyclic carbonates, as previously discussed, retain more
water bound to the cations due to their limited spatial adapt-
ability compared to linear or smaller cosolvents. Additionally,
systems where DEC is added show low free water fractions,
which can be explained by its reduced interaction with the
cation compared with H2O molecules, resulting in the first
solvation layer of lithium exhibiting the least variation among
the examined cosolvents.

The average number of H2O–H2O hydrogen bonds, normal-
ized to the number of water molecules in the system, can be
computed using a geometrical criterion. Specifically, two water
molecules are considered to form a hydrogen bond if the
distance between the donor and the acceptor is less than
3.5 Å and the angle formed by the hydrogen, the donor and
the acceptor is less than 301. The data indicate that the amount
of hydrogen bonds increases with cosolvent concentration,
which aligns with the expectation of encountering a greater
number of free water molecules. As expected, the inclusion of
DEC reduces the overall stability of the water network, as this
cosolvent preferentially solvates water molecules rather than
lithium cations. Thus, water molecules drift away from each
other and the water hydrogen bond network is replaced by a

mixed network where hydrogen bonds with DEC are also found.
A higher number of these water–water hydrogen bonds is
associated with an increase in the effective viscosity102 of the
system and a reduction in the diffusion capacity of the ions.
Therefore, in order to improve electrolyte performance, it is
crucial to reduce water–water interactions. Finally, it is impor-
tant to notice the difference between both linear carbonates. As
stated, these cosolvents, as non-polar compounds, have a
limited capability to break ion pairs, but a huge difference
between DEC and DMC is observed in the coordination values
shown in Fig. 10 and 12. This difference can be attributed to the
distinct conformational behaviours of these solvents. In parti-
cular, DMC has been shown to promote a higher degree of salt
dissociation compared to DEC, which has been linked to the
greater formation of polar cis–trans conformers in DMC-based
electrolytes.103 Such conformational isomerism plays a critical
role in enhancing ionic conductivity, despite similar viscosities
and permittivities among linear carbonates. This enhancement
in ionic conductivity is also corroborated by the work of Xiao
et al., where this property is compared with systems involving
other cosolvents.42 Therefore, the structural preferences of
DMC at the molecular level may explain its improved coordina-
tion with lithium ions and water molecules, ultimately leading
to more favorable bulk transport properties.

Thus, and only taking into account the structural behaviour,
the most suitable candidates among the studied cosolvents for

Fig. 13 (a) Free water fraction for different solvents and concentrations
(the dotted line represents the free water fraction value for the 21 m LiTFSI
mixture). (b) Average number of water–water hydrogen bonds for the
different solvents and concentrations.
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enhancing the performance of the hybrid WiSE were found to
be cyclic carbonates, which are already commonly utilized in
traditional lithium batteries. Nevertheless, as reported by Xiao
et al., the conductivity values of PC are not significantly
enhanced, presenting lower values than that reported for ACN
or DMC.42 Although this aspect requires further investigation,
it is likely related to the high viscosity values reported for these
compounds. Therefore, ACN emerges as the most promising
candidate for use as a cosolvent, as it exhibits a solvation
structure comparable to that of other systems, while displaying
significantly higher reported conductivity values.46,47

4 Conclusions

In this work, a structural analysis of the behaviour of different
WiS-based hybrid aqueous/non-aqueous electrolytes was per-
formed with the aim of identifying the cosolvent that facilitates
optimal performance. For that purpose, both experimental
measurements and molecular dynamics simulations were car-
ried out and eight popular organic cosolvents were tested. The
analysis primarily focused on the solvation of lithium cations
and the formation of free water clusters, as these structural
elements are critical in limiting the performance of the
electrolyte.

Through the analysis of the structure factor and NMR
measurements, it was found that two of the cosolvents, DMSO
and DMF, facilitate the formation of free water clusters when
high mole fractions of these cosolvents are included in the
mixtures. The analysis of the solvation mechanism of the
cations and water molecules revealed that this tendency can
be related to the Lewis basicity through Gutmann DNs. When
the cosolvent presents a higher DN, i.e. a greater tendency to
share its lone pairs of electrons with Lewis acids and cations, it
preferentially solvates lithium cations. When this number is
greater than that of water, the cosolvent will displace these
molecules from the solvation shell of the metal cations and
form new aggregates of free water that are potentially harmful
for the electrodes.

Nevertheless, DN values do not provide information about
interactions with anions, and additional factors must be con-
sidered to fully determine the solvation of lithium cations. A
more specific analysis of the effect of the cosolvent on the ionic
interactions was conducted by examining the dielectric con-
stant of these additives, as it is related to the Bjerrum length,
which quantifies the extension of the electrostatic interaction
between ions. Consequently, in the case of non-polar com-
pounds, such as linear carbonates, an increase in the molar
fraction of the cosolvent results in a greater number of anions
being located in the first solvation shell of the cation. This
diminishes the effective charge transport within the mixtures
and, consequently, adversely affects the performance of the
electrolyte.

The present study is limited in its ability to provide mean-
ingful dynamic or electrochemical insights, as it focuses solely
on the structural properties of the electrolyte. It is crucial to

extend this work by analyzing the dynamics of the different
components, as ion diffusion significantly influences electro-
lyte performance and conductivity. Furthermore, evaluating the
impact of these cosolvents on key electrochemical properties,
such as the electrochemical stability window, is essential for a
comprehensive understanding of these systems and will be
addressed in future work.
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‘‘Axudas de apoio á etapa predoutoral’’ grant (ED481A 2022/236).
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