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The use of aqueous electrolytes as suitable electrolytes for supercapacitors (SCs) largely depends on
maintaining a wide operating cell voltage window while ensuring good rate capabilities, thereby
achieving high energy and power densities over many cycles. Electrolyte engineering with anion- and/or
solvent-rich solvation structures has been recently explored in batteries of any type to enhance the
interphase stability at high voltages, typically by the formation of a SEl. This approach has been less
explored in SCs to not only extend the range of operational voltage but also balance the inherently
distinct electrochemical stability of cations and anions with carbon electrodes. Herein, we prepared
electrolytes composed of two ionic liquids with a common cation (e.g., EMIMTFSI and EMIMBF,) in
solvent mixtures of H,O, DMSO and CHzCN. We found that the electrolyte with the richest solvation
structure (i.e., with many and diverse anions that surrounded the cation) was the most effective at
widening the cell voltage at which the electrolyte is capable of operating (e.g., up to 2.2 V). Interestingly,
this extremely rich solvation structure also exhibited the best transport properties for different ions that,
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1. Introduction

Electrolytes are lately playing a capital role in the optimization
of electrochemical energy storage (EES) devices, from batteries
of any type to supercapacitors (SCs).'® Electrolytes are typically
composed of salts (e.g., regular ones and also ionic liquids, ILs)
dissolved in water, organic solvents, or mixtures thereof. Pure
ILs (without any further solvent) have also been used quite
commonly taking advantage of their liquid nature. The choice
of one type of electrolyte or another is essential for determining
the main features of the EES device (e.g., cell voltage, flamma-
bility, etc.). Aqueous electrolytes are affordable, safe and
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ultimately, were responsible for an excellent maintenance of the energy density at high power densities.

environmentally friendly. However, their electrochemical
stability window (ESW) is limited to about 1-1.2 V due to elec-
trolyte decomposition caused by the hydrogen evolution reac-
tion (HER) and oxygen evolution reaction (OER) beyond this
potential threshold. Organic electrolytes and ILs can achieve
ESWs of up to 3.5-4 V, but they are costly and their high flam-
mability and volatility pose significant safety and environ-
mental risks. The challenge lies in finding safe and
environmentally friendly aqueous-based electrolytes with large
ESWs that provide high cell voltages.

In nature, the effect of relatively high content of various
biological macromolecular components on different properties
of proteins and nucleic acids in vivo (e.g., folding mechanisms
or conformational stability) is described as macromolecular
crowding’ in which the hydrogen bond (HB) structure of H,O
undergoes significant changes. Inspired by this phenomenon in
living cells, several authors have applied the concept of molec-
ular crowding to reduce the water activity in aqueous electro-
Iytes and thus suppress water decomposition at voltages
exceeding 1.6 V.*' For instance, Xie et al achieved this
‘molecular crowding’ in aqueous electrolytes by addition of
high contents of water-miscible poly(ethylene glycol) (PEG) to
an aqueous solution of LiTFSI so as to obtain LiTFSI: xPEG : (1
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— x)H,O0 electrolytes with PEG content (x) ranging from 71% to
100%.°

However, the main characteristic of crowded systems in
nature is not having one particular solute at a high concentra-
tion but reaching this high concentration by combining many
different solutes whose individual concentrations are not really
high. This idea somehow links with another emerging concept
recently applied to pseudo-concentrated electrolytes, which is
the increase of the configurational entropy of the systems that
improves the compatibility of salts and solvents to form
uniform solutions. This is typically achieved by the combina-
tion of multiple salts with a single solvent or/and a single salt
with multiple solvents and results in such a diversity in the local
interactions between solvents and ions that the solvation
structure of ions becomes extremely complex. Non-aqueous
high-entropy (HE) electrolytes have been widely used in Li**™**
and Na'®** metal batteries. In these cases, the complex solva-
tion structure obtained by anion and/or solvent enrichment not
only stabilizes the electrode-electrolyte interphase but also
improves cycling stability and rate performance. The design of
aqueous HE electrolytes has been much less explored with most
of the examples dealing with Zn-based electrolytes for Zn-ion
batteries (ZIBs), dual-salt batteries and Zn-ion hybrid SCs
(ZHSCs).>*2* In these cases, the complex solvation structure was
always modified with solvent molecules of different natures
(e.g., inert diluents, antisolvents, etc.) and it played the role of
controlling the HER on the Zn anode, enhancing Zn>" transport
properties and facilitating Zn>*-intercalation/deintercalation
processes. More recently, the use of HE electrolytes in which
the controlled addition of CH;CN as a weak-coordinating
solvent helped widen the operational voltage window with the
subsequent improvement in the energy storage capabilities of
SCs has been described.?® Nevertheless, there is still a notable
need in the field of SCs for studies exploring the formation of
anion-rich solvation structures in aqueous HE electrolytes.
Actually, chaotropic anions have been studied based on their
capability to limit the fraction of free water in electrolytes.>”*
However, the relationship between the anion-rich solvation
structures of HE electrolytes with the ESW and the rate capa-
bility of SCs has not yet been fully addressed.

This work aimed to investigate whether balancing the ratio of
two chaotropic anions with different sizes and hydrophilic/
hydrophobic features (e.g., BF,~ and TFSI") may have a signifi-
cant effect on the entropic features of the solvation structure of the
electrolyte and, eventually, improve their electrochemical stability.
Thus, we studied mixtures of two ILs sharing the cation (e.g.,
EMIMTFSI and EMIMBEF,) dissolved in H,O and some additional
co-solvents, which were DMSO as a coordinating co-solvent and
CH;CN as a weak coordinating one. In particular, we studied
mixtures of the type nEMIMBEF,: (1.5 — n)EMIMTFSI: 2H,0:
DMSO : 1.5CH;CN, with n = 1.5, 1.15, 0.94, 0.69, 0.44, 0.2, and 0.
The stoichiometry in which ILs and solvents were mixed was
selected according to our previous experience with these types of
solvent mixtures.*** For instance, the deviations from ideality
exhibited by liquid mixtures of H,O and DMSO in different
properties (viscosity, density, or enthalpy of mixing, among others)
reached a maximum for the H,O : DMSO mixture with a molar
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ratio of 2:1 (e.g, 2H,0:DMSO). Meanwhile, the addition of
CH;CN to 2H,0:DMSO in molar ratios of 3.5 and above has
typically resulted in flammable solvent mixtures.**** So, in this
work, the ternary liquid mixture of choice was 2H,0O: DMSO:
1.5CH;CN to avoid flammability issues. Moreover, this CH;CN
content provided the maximum deviation from ideality of density
and viscosity in solvent mixtures with a single IL (e.g,
1.5EMIMBEF, : 2H,0 : DMSO : 1.5CH;CN).* Finally, the selected IL
content provided solutions in the so-called “solvent-in-salt”
regime.*® The study of the nEMIMBF,: (1.5 — n)EMIMTFSI:
2H,0 : DMSO: 1.5CH;CN mixtures included the analysis of the
mixing behaviour of 1.5EMIMBF, : 2H,0 : DMSO: 1.5CH;CN and
1.5EMIMTFSI : 2H,0 : DMSO : 1.5CH;CN by the determination of
the excess of different properties (e.g., density, viscosity and
solvent donation) of the resulting mixtures. Moreover, the solva-
tion structure was studied by different spectroscopic tools (NMR,
ATR and NIR spectroscopy) and molecular dynamic (MD) simu-
lations. In this regard, we obtained information about the
formation or absence of HBs between ions and solvents, enabling
us to evaluate the coordinating or non-coordinating nature of each
one of the solvents and of the solvation structure of the electrolyte,
more specifically of the cation that is common to both IL dilutions
(ie., EMIM"). Furthermore, electrochemical measurements were
carried out for the determination of the structure-property-
performance relationship of these complex electrolytes in SC
cells using porous carbon materials as electrodes.

2. Deviations from ideality

As mentioned in the Introduction, our first objective was to
investigate the mixing characteristics of n"EMIMBF,: (1.5 — n)
EMIMTFSI : 2H,0 : DMSO : 1.5CH;CN mixtures (Table S1). For
this purpose, our initial analysis focused on the deviation from
ideality of the excess molar volumes, V¥ = (x;M; + xoMa)/p —
(xaMilp1 + x2M,/p,), where M; and M, were the molecular
weights  of  1.5EMIMBF, : 2H,0: DMSO:1.5CH;CN  and
1.5EMIMTFSI : 2H,0 : DMSO: 1.5CH3;CN,  respectively. We
found negative deviations from ideality in a wide range of
compositions (i.e., for molar fractions of 1.5EMIMBF, : 2H,0:
DMSO: 1.5CH3;CN of ca. 0.7 and below, see Fig. 1a). Actually,
mixtures of H,O, DMSO and CH;CN** and of hydrophilic salts
based on EMIM'* including EMIMBF, in both DMSO and
CH;CN?*® and in mixtures of H,O and DMSO,” have also
exhibited negative values of excess molar volume. The occur-
rence of negative values of excess molar volume is usually
associated with the formation of strong intermolecular inter-
actions including charge transfer, dipole-dipole interactions,
and HBs.*” In our case, this volume contraction on mixing was
maximum at n = 0.69 and could be ascribed to the interstitial
accommodation of anions within a HB complex structure.
Previous studies have described that volume contractions on
mixing coming from interstitial accommodation of solvent
molecules within a HB complex structure are typically accom-
panied by the decrease of the melting point of the mixture.***
In our case, the DSC scan of 1.5EMIMTFSI:2H,0 : DMSO :
1.5CH3CN displayed a transition at —37 °C ascribed to the
melting point of EMIMTFSI (Fig. 1b). Actually, the melting point

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Plots of (a) excess molar volume (VF) and (c) excess logarithm viscosity (In 75) versus X1.5EMIMBF,:2H,0:DMSO:1.5CH,CN IN Mixtures of
1.5EMIMBF,4: 2H,0O : DMSO : 1.5CHsCN and 1.5EMIMTFSI: 2H,0O : DMSO : 1.5CH=CN. (b) DSC scans of nEMIMBF,: (1.5 — n)EMIMTFSI : 2H,O :
DMSO : 1.5CH3CN with n = 1.5 (red line), 1.15 (green line), 0.94 (blue line), 0.69 (pink line), 0.44 (yellow line), 0.2 (orange line) and O (purple line).

(d) Plot of excess of donor numbers (DNs) as obtained from Fig. S1.

of EMIMTFSI in neat form (without solvents) appears at ca. —15
°C* and at ca. —23 °C in 1.5EMIMTFSI : 2H,0 : DMSO.?® None
of the other samples studied in this work, neither the double IL
mixtures nor the EMIMBF, mixture, displayed a clear melting
point. This trend could be indicating that the TFSI™ anion,
despite its large size and hydrophobic nature, was interstitially
accommodated within the HB complex structure formed by
EMIMBF,, H,0, DMSO, and CH;CN.

Moreover, every sample exhibited two weak glass transition
temperatures (T), one at around —110 °C and another one at
around —125 °C (Fig. 1b). The first T, at around —110 °C has
also been observed in mixtures of EMIMBF, and EMIMTFSI
without solvents* while the second one at around —123 °C has
been observed in mixtures of H,O : DMSO and of H,O : DMSO:
CH,;CN.* It is worth remembering that the absence of phase
transitions such as melting points and crystallization processes
is a typical signature of HE electrolytes so the decrease of the T,
could also be of relevance with regard to the eventual utilization
of these electrolytes at low temperatures.

The positive deviations from ideality found in the represen-
tation of the excess logarithmic viscosity, obtained from the
equation Inn® = Inn — (x;Inn; + x»1nn,), corroborated the

This journal is © The Royal Society of Chemistry 2025

occurrence of HBs among the components of these mixtures
(Fig. 1c)** that is typically accompanied by changes in the
solvation structure.*” Solute-solvent and solvent-solvent inter-
actions in binary solvent mixtures were studied by **Na-NMR
spectroscopy.**** The deviation from ideality of the chemical
shift of the >*Na nucleus of dissolved NaClO, has been used for
the determination of the donor numbers (DNs) defined by
Gutmann.* The DN typically accounts for the electron donating
properties (donicity) of solvent molecules but its use for ions
has also been described.** Moreover, DNs may reflect the
interaction between solvent molecules and ions as molecular
fingerprints for the screening of electrolyte additives.”” In our
case, we found that the DNs of the nEMIMBF,: (1.5 — n)
EMIMTFSI : 2H,O0 : DMSO : 1.5CH;CN mixtures exhibited a non-
linear evolution along with n, reaching a maximum deviation
from ideality at n = 0.69 (Fig. S1 and 1d), as described above for
densities and viscosities. Understanding whether this non-
linear evolution in the DNs is associated with some specific
changes in the solvation structure (e.g., the so-called “prefer-
ential solvation”)* would indeed be of interest. Further details
about this matter can be found below (see discussion of the
results from MD simulations).

J. Mater. Chem. A, 2025, 13, 31421-31434 | 31423
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3. The nature of the HB network

The mixtures were analyzed by "H NMR spectroscopy (Fig. S2).
Increasing the content of EMIMTFSI caused slight downfield
shifts (~0.02-0.04 ppm) in the aliphatic protons of EMIM" and
DMSO, consistent with the more hydrophobic nature of TFSI™
(as compared to BF, ) and its preferential interaction with
aliphatic chains (Table S2).*** Meanwhile, the H,O proton
signals shifted upfield as EMIMTFSI content increased from n =
1.5 to n = 0.94 and then downfield from n = 0.94 to 0.
Deshielding, reflecting reduced electron density and stronger
HB,”*** indicated that H,O involvement in HB structures was
lower in the nEMIMBF,: (1.5 — n)EMIMTFSI: 2H,0 : DMSO:
1.5CH;CN mixtures than in either 1.5EMIMBF, : 2H,O : DMSO :
1.5CH3CN or 1.5EMIMTFSI : 2H,0 : DMSO: 1.5CH;CN, reach-
ing a minimum at n = 0.94. This reduction was attributed to the

interstitial accommodation of incoming TFSI™ anions.
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tained either by deconvolution of NIR spectra (blue, yellow and purple
bars, see Table S4 for data) or from MD simulations (orange, green and
brown bars) for nEMIMBF,: (1.5 — n)EMIMTFSI: 2H,0 : DMSO:
1.5CH3CN with n = 0,44, 0,69, 0.94, and 1.15. (b) Number of HBs (nHB)
obtained from MD simulations for H,O-H,O (green triangles), H,O—
DMSO (orange triangles), H,O—-BF, (blue squares), and H,O-CHsCN
(grey circles). The sum of all these HBs (red diamonds) and the number
of HBs obtained for H,O—-H,O in the bulk (dashed light blue line) are
also included to estimate the “missing HBs". Data represented in (a)
was obtained from the H,O—-H,O values for strong HBs (orange bars),
from the sum of H,O-DMSO and H,O-BF, for moderate HBs (green
bars), and from the sum of H,O-CHzCN and "missing HBs" for weak
HBs (brown bars).
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Meanwhile, TFSI™ and BF,~ signals (both '°BF,” and "'BF,~
coming from J coupling between '°F with '°B, with spin I = 3
and ca. 20% of natural abundance, and "'B nuclei, with spin I =
3/2 and ca. 80% of natural abundance)** followed a linear trend,
with chemical shifts becoming more negative along with the
decrease of n (Table S3).

ATR and NIR spectroscopies were used to analyze the
mixtures. In the IR spectra (Fig. S4a), bands at ca. 3160, 3120,
and 2960 cm ™' were attributed to »(C4,5-H), »(C2-H), and
v(alkyl C-H), respectively (Fig. S4b).** Key TFSI™ features
included SO, stretches (at ca. 1275-1400 cm '), CF; (at ca.
1194 cm™ '), and SNS (at ca. 1059 cm ™). The asymmetric SO,
stretch revealed free TFSI  anions at ca. 1355 cm ' with
a shoulder at ca. 1325 cm™', both shifting to lower wave-
numbers upon coordination.” In our samples, these bands (at
ca. 1355 and 1328 cm ™" for n = 1.15) shifted to smaller wave-
numbers as TFSI™ content increased (Fig. S4c). Additional
bands assigned to BF,~ appeared at ca. 997 and 1070 cm ™" with
strong absorption, forming a broad single band (Fig. S4d).*
Water bands at ca. 3407 and 3620 cm ™" (Fig. S4b) corresponded
to molecules with strong (fully tetrahedral) and weak/
incomplete HB, respectively.>®

The NIR region further illuminated HB via overtone and
combination bands. Water spectra were dominated by v, + v;
(5100-5300 cm™* — 1887-1941 nm) and »; + »; (6800-
7200 em™' — 1389-1471 nm) combinations. These are derived
from fundamental OH vibrations in the mid-infrared region
(MIR),”” such as the symmetric OH stretching (v, at 3520 cm ™ %),
the OH bending (v, at 1650 cm™' — 6061 nm), and the anti-
symmetric OH stretching (v; at 3600 cm™" — 2778 nm).*®
Deconvolution of v, + v; revealed three components represent-
ing different HB strengths, from strong to weak, including an
intermediate range of partially disordered tetrahedral struc-
tures.” In our case, the mixture at n = 0.69 showed the lowest
contribution from strong HBs (Fig. S5 and Table S4). These NIR
results were consistent with those of MD simulations (Fig. 2a
and b), reinforcing the described features of the H,O HB
network (see further discussion below).

4. Anion-rich solvation structures

To further investigate the solvation structure in the mixtures, we
analyzed the results from MD simulations. Initial analysis
focused on the interactions between EMIM " nitrogen atoms and
the most electronegative atoms of the other species, as reflected
in the coordination number, cn(r), at ca. 6 A in the partial radial
distribution functions (pRDFs; Fig. S6). As n decreased, inter-
actions with BF,~ weakened, while those with TFSI™ strength-
ened, showing a linear trend. Interactions with CH;CN also
slightly decreased. In contrast, H,O and DMSO interactions
peaked at n = 0.69, deviating from linear behavior.

Further insights were gained from trajectory analysis, which
provided the average number of molecules (both solvents and
anions) surrounding EMIM" in the first coordination shell as
a function of n (Fig. 3). Solvent coordination numbers decreased
with decreasing n, likely due to the incorporation of bulkier
TFSI™ anions (Fig. 3b). As expected, the presence of BF,  and

This journal is © The Royal Society of Chemistry 2025
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coordination structure (above 9).

TFSI™ followed opposing trends with n (Fig. 3a, red circles and
purple diamonds, respectively). Notably, in single-salt mixtures
and regardless of whether BF,” or TFSI was present, the
average number of anions surrounding EMIM' remained at ca.
3, as in neat EMIMBF, and EMIMTFSI.* While individual anion
coordination did not reveal significant variation, summing the
total number of anions around EMIM' did (Fig. 3a, blue
squares). This total increased from ca. 3 for n = 1.5 or 0 to over 4
at n = 0.94 and 0.69, indicating a more complex solvation
environment, especially at n = 0.69 (Fig. 3c and d). This
supports the defining characteristic of HE electrolytes: an
enhanced number and/or diversity of species in the first solva-
tion shell compared to conventional (low-entropy) systems.

In order to investigate the accommodation of CH;CN mole-
cules, we analyzed the interactions between EMIM" and CH;CN,

This journal is © The Royal Society of Chemistry 2025

that were weak according to the pRDF depicted in Fig. Sée.
These results confirmed how CH;CN participates in the solva-
tion structure as a weak coordinating solvent disregarding its
role as a non-coordinating one. Actually, FT-IR results from
previous studies indicated that, as the CH3;CN content
increases, the interactions among nitrogen atoms were
strengthened to a greater extent than those among aliphatic
groups.*®

Finally, based on the positions of the first peak of the cor-
responding pRDFs, we found that both BF,” and TFSI™ could
form HBs with H,0, noticeably stronger for BF,  than for
TFSI".** Meanwhile, weak interactions were established
between CH3CN and CH;CN (Fig. S7) as well as between any of
the anions and any of the co-solvents (both DMSO and CH;CN,
see Fig. S8). HBs were also formed among the solvent

J. Mater. Chem. A, 2025, 13, 31421-31434 | 31425
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molecules, in particular between H,O and H,O, H,O and
DMSO, and H,0 and CH;CN. Fig. S9 shows the pRDFs between
the hydrogen atoms of water (acting as hydrogen bond donors,
HBDs) and the electronegative atoms of H,O, DMSO, and
CH;CN (oxygen atoms of DMSO and H,O and the nitrogen atom
of CH;CN, acting as hydrogen bond acceptors, HBAs). Fig. S9
also shows the pRDFs between the oxygen atom of the HBD (e.g.,
H,0) with different HBAs. This set of pRDFs is commonly used
to define the geometric criterion for HB formation®***** where
the first minimum is located at ca. 3.5 A for O-O/N pairs and 2.5
A for H-O/N pairs. pRDFs in Fig. S8 and S9 revealed the
formation of HBs of different strengths, strong between H,O
and H,0, weak (almost negligible) between H,0O and CH;CN,
and moderate between H,O and DMSO molecules and between
H,O and BF, anions (Fig. 2b). Actually, the coordination
numbers at the first minimum of the H,0-H,0 and H,0-DMSO
PRDFs were basically unaffected by the formation of HBs
between H,0O and CH3;CN. Interestingly, the total number of
HBs obtained for the mixtures was below that obtained for bulk
H,O (ie., 2.75-3.0 and 3.45, respectively) thus revealing the
occurrence of some “missing HBs”. This is most likely
happening when TFSI™ and/or CH;CN molecules (with which
the HB formation is negligible), eventually driven by other type
of interactions, are located in the proximity of H,O molecules. It
is worth noting that the number of strong, moderate and weak
HBs obtained from MD simulations that formed the HB
network established in the mixture was basically in agreement
with that obtained from NIR spectroscopy (Fig. 2a).

5. Transport properties

As compared to regular low-entropy electrolytes, another char-
acteristic of HE electrolytes is the increase in the ionic
conductivity, eventually ascribed to the decrease of the cluster
size of aggregates (AGGs)." In this regard, we studied the ionic
conductivity of tEMIMBF, : (1.5 — n)EMIMTFSI : 2H,0 : DMSO :
1.5CH;CN mixtures and the diffusion coefficients of EMIM®,
BF, , TFSI", H,0, DMSO, and CH;CN (e.g:, Dentv's Do, - Drest
Dy,0, Dpmso, and Dey on) from pulse-field-gradient spin-echo
9F and "H NMR (PGSE-NMR) spectroscopy (Tables 1 and S5).
Tonic conductivity increased as viscosity decreased, that is,
with increasing n. All diffusion coefficients were in the 107" m?*
s~' range, consistent with the values reported for neat
EMIMBEF,, EMIMTFSIL,*"%>%¢ and their dilutions in CH;CN, H,O,
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and H,0 : DMSO : CH;CN mixtures (Table 1).23*¢7% Ratios of
Danion/Deation N€Ar unity suggest coupled ion motion,* indica-
tive of AGGs (or contact ion pairs, CIPs), where ions diffuse
together with other ions (and with solvent molecules in the
particular case of CIPs).” According to the Stokes-Einstein
relation (D = k®T/6mna), diffusion is inversely proportional to
the hydrodynamic radius (a).**”* Thus, based on the Stokes-
Einstein relation and the ionic sizes of BF, , EMIM" and TFSI~
(e.g., 0.229, 0.303 and 0.528 nm, respectively), the expected
order of self-diffusion coefficients should be Dgp - > Dy >
Dygsr-.*»7* This trend was observed in all mixtures except at n =
0.69, where Dgviie > Dgr~ > Drrsr-- Transference numbers
(temim's tpr,~ and trps;-) followed the same trend, with tgp - >
temmv > trrsr- N all mixtures except at n = 0.69 where tgymve >
tgr,~ (Fig. 4a). Unlike Li-ion batteries, where high cation
mobility is preferred, here the similar transference numbers
across species (0.41-0.32 for EMIM", 0.39-0.32 for BF,~, and
0.30-0.26 for TFSI™) support the efficient electric double-layer
(EDL) mechanism dominant in SCs. In any case, for HE elec-
trolytes, the hydrodynamic radius has been directly related to
the cluster size of ionic AGGs, with high diffusivities of ions
leading to small hydrodynamic radii and cluster sizes.">”*7*
Interestingly, as mentioned above, every ion and every solvent
molecule reached its respective highest diffusion at n = 0.69
(Fig. 4b), so, in our case, the smallest clusters would be found
for this particular mixture.

We also estimated the molar conductivity ratio (4 : Axmg),
where / is the molar conductivity obtained by electrochemical
impedance measurements and /Anwr is that calculated from the
ionic self-diffusion coefficients and the Nernst-Einstein equa-
tion.”*”® It is widely assumed that, being the intrinsic NMR time
scale (10~° to 10 ' s) much shorter than those of the conduc-
tivity measurements, NMR measurements cannot distinguish
ionic AGGs from free ions.”” Thus, the 4 : Axur ratio has been
taken as an indication of the ionicity.”® For instance, 4 : Axur
values below unity have been assigned to the presence of not
only non-charged AGGs but also ionic ones.”®”® In our case, the
good ionicities obtained in the Walden plot depicted in Fig. S10
revealed the preferred presence of ionic AGGs.”"** Interestingly,
the number of AGGs reached a maximum at n = 0.69 (Table 1).
Considering that these values come from molar conductivities,
the cluster size of the ionic AGGs formed in this latter mixture
should be the smallest among all mixtures, as already antici-
pated by the above-mentioned relationship between the

Table 1 Diffusion coefficients of EMIM*, BF,;~, TFSI~, H,O, DMSO, and CH3CN (e.g., Demim+ Dgr,~, Drrsi~ Dh,0. Dpmso. and Depy,cn) obtained
from °F (for BF4~ and TFSI™) and H (for EMIM™, H,O, DMSO, and CH3CN) NMR at 25 °C for nEMIMBF, : (1.5 — n)EMIMTFSI : 2H,O : DMSO :

1.5CH3CN with n =115, 0.94, 0.69, 0.44, and 0.2

D (m?s™ ") x 10"

n EMIM" BF,~ TFSI™ DMSO CH,CN H,0 o (mS em™Y) Anar X 10% (S m? mol ™Y k = Al Amr
1.15 2.88 3.03 2.23 3.73 6.18 7.59 39.6 71 0.25
0.94 2.48 2.95 2.33 3.27 5.67 6.74 35.6 6.2 0.27
0.69 4.02 3.18 2.59 4.87 7.61 8.12 31.2 7.8 0.20
0.44 2.46 2.82 1.95 3.09 5.82 6.45 28.1 5.0 0.29
0.2 1.58 1.54 1.15 1.90 3.85 4.42 25.3 2.9 0.48
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Fig. 4 (a) Plot of transference numbers of the cation EMIM* (temime,
blue circles) and of the individual anions BF4™ (tgr,-, orange circles) and
TFSI™ (tres-, grey circles) versus the molar BF;~ content (n) in
NEMIMBF,4: (1.5 — n)EMIMTEFSI: 2H,0 : DMSO : 1.5CH3CN  mixtures,
and (b) Demim+ (blue circles), Dgr,- (orange circles) and Dres- (grey
circles) versus the viscosity (see Table S1) of nEMIMBF,: (1.5 — n)
EMIMTESI : 2H,O : DMSO : 1.5CHsCN mixtures.

hydrodynamic radius and the diffusion coefficients. Moreover,
as mentioned above, the formation of small clusters has been
related to the entropic features of HE electrolytes.” In our case,
as revealed by MD simulations, the mixture with n = 0.69 was
particularly significant in this regard with a solvation structure
with many and diverse anions and molecules around EMIM".

6. Electrochemical performance in
SCs

At this stage, we proceeded to evaluate the electrochemical
response of these mixtures in SC cells. For this purpose, Swa-
gelok cells were assembled with two mesoporous carbons as
electrodes and a 0.45 pm PVDF filter paper as a separator (see
the Experimental section for further details).**®* The meso-
porous carbons of choice were described in detail in our
previous studies®~** and were selected based on their textural
properties with a high surface area (ca. 2681 m> g~ ') and a large
contribution of mesopores to the overall porosity with Vinesopores

This journal is © The Royal Society of Chemistry 2025
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above 70% of the total pore volume and an external surface area
of ca. 500-650 m” g~ (Fig. S11 and Table S6).

In SCs, the energy storage capability of any electrolyte is
intimately related to its maximum operating cell voltage. For
aqueous electrolytes, this is the voltage range between the
highest potential at which irreversible oxidation occurs at the
positive electrode (Py) and the lowest potential at which
hydrogen production occurs at the negative electrode (P). As
these irreversible reactions are related to the ESW of the elec-
trolyte, it is therefore that the determination of the ESW is of
great interest. In this regard, the inherent distinct electro-
chemical stability of cations and anions with carbon electrodes
creates an asymmetry in the potential of the positive and
negative electrodes measured at zero voltage (P, v), situating the
P,y closer to Py than to P and leaving some unused potential at
the negative electrode.*

The determination of Py, Py, and P, y and of the potentials of
both the negative and the positive electrodes (denoted as Py and
Py, respectively) as a function of the operating voltage (V) was
accomplished by the application of three-electrode procedures
described elsewhere.®* The determination of P, and Py is critical
for the usefulness of an accurate estimation of the ESW. Thus,
Py, and Py are typically obtained from cyclic voltametry (CV)
measurements in either a two- or a three-electrode set-up
(Fig. S12-S15). Another option is performing chronoampero-
metric (CA) measurements at different potentials with a three-
electrode set-up. Previous studies using CA categorized the so-
called “safe potentials” for current densities below 0.1 A g *
and/or above —10 pA cm™2.3%% In our case, we investigated the
samples for which the CA curves remained at current densities
below 0.1 A g~ for both positive and negative potentials.

Fig. 5 shows the CA curves obtained at potentials ranging
from —0.8 to —1.6 V and from 0.6 to 1.2 V. The application of
a threshold of 0.1 A g~' for the “safe” regime resulted in
potential limits (e.g., [P, Py]) of [-1.2, 0.9], [-1.3, 0.9], [-1.3,
0.9], [-1.3, 0.8], and [—1.3, 0.8] for the nEMIMBF,: (1.5 — n)
EMIMTFSI : 2H,0 : DMSO : 1.5CH;CN mixtures with n = 0.2,
0.44, 0.69, 0.94, and 1.15 (see horizontal lines in red in Fig. 5). It
was worth noting that the maximum voltage was limited by Pp,
with the mixture with n = 0.69 performing the best, likely due to
the distinct characteristics of its HB network (i.e., see Fig. 1 and
2, with the mixture with n = 0.69 exhibiting, respectively, the
maximum deviation from ideality in excess properties and the
lowest number of weak HBs).

The analysis of Fig. 6 provided some useful information.
First, the mixtures with n = 0.2 and 1.15 were disregarded as the
best performing ones because the former exhibited narrower
potential limits (e.g., [-1.2, 0.9]) and the latter the highest
unused potential at the negative electrode and the larger
asymmetry between P, v — Py and P, y — Pr. Meanwhile, irre-
versible oxidation processes happened in the mixtures with n =
0.44 and 0.94 at less positive potentials than in the mixture with
n = 0.69. This latter mixture also exhibited the lowest unused
potential at the negative electrode, so, overall, it was the best
mixture balancing the distinct electrochemical stability of
cations and anions. Moreover, according to the CV and CA
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Fig.5 Chronoamperometric curves at various applied negative (from —0.8 to —1.6, left column, a, c, e, g and i) and positive (from 0.6 to 1.2, right

column, b, d, f, h and j) potentials obtained in a three-electrode configuration (vs. Ag/AgCl, 1 M KCl) using nEMIMBF, : (1.5 — n)EMIMTFSI : 2H,0 :

DMSO : 1.5CH3CN, withn =115 (aand b), 0.95 (c and d), 0.69 (e and f), 0.44 (g and h), and 0.2 (iand j), as electrolytes. Red lines at —0.1and +0.1 A

31428 | J Mater. Chem. A, 2025, 13, 31421-31434

g tindicate the cutoff voltage for each system at, respectively, the negative and positive potentials for which the steady-state leak currents were
considered negligible.
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Fig. 6 Plot of the potentials reached by the positive (Pp, blue lines) and the negative electrodes (Py, orange lines) during the operation of a two
electrode cell using NEMIMBF : (1.5 — n)EMIMTFSI : 2H,0 : DMSO : 1.5CHzCN mixtures, with n = 0.2 (a), 0.44 (b), 0.69 (c), 0.94 (d), and 1.15 (e), as
electrolytes. The plot includes the potential of zero charge (Pq v, green lines) and the upper (Py) and the lower (P,) potential limits (see horizontal
lines in red) for electrolyte decomposition. For an ESW of 2.2 V (see vertical lines in grey), the plot also illustrates the excess potential at the
positive electrode (Pp — Py) and the unused potential at the negative electrode (Py — PL). (fl HOMO-LUMO levels in eV (left y axis) and V (right y
axis) obtained for NEMIMBF, : (1.5 — n)EMIMTFSI : 2H,0O : DMSO : 1.5CH3CN mixtures, with n = 0, 0.2, 0.44, 0.69, 0.94, 1,15, and 1.5.

measurements depicted above, the ESW of choice for subse-
quent experiments was 2.2 V.

Based on previous studies identifying the effective oxidation
and reduction potentials of the electrolyte with the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels,***” we also obtained the
HOMO-LUMO energy levels of every mixture following the
procedures described elsewhere.®®®* In our case, the lowest

This journal is © The Royal Society of Chemistry 2025

LUMO and the narrowest HOMO-LUMO gap were found for the
mixture with n = 0.69 (Fig. 6f). This pattern was opposite to that
described in most of those previous studies mentioned above
but in agreement with other studies describing how the reor-
ganization and subsequent weakening of the interactions
among the different components may cause the narrowing of
the HOMO-LUMO energy gap.”® Anyway, some authors have
recently recommended abandoning the utilization of the
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HOMO-LUMO energy levels when describing the electrolyte
stability.”*

Next, we performed electrochemical impedance spectros-
copy (EIS) to begin with the assessment of the electrochemical
performance of our mixtures (Fig. S16 and 7c). Despite the in-
depth analysis of the results from EIS being rather compli-
cated,”>** the Nyquist plot of an EDL capacitor measured in
a two-electrode configuration typically displays some common
features, which are a semicircle at high frequencies, followed by
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a nonvertical line at intermediate frequencies and then by
a nearly vertical line at low frequencies. In this latter region,
a slope of 90° is indicative of a purely capacitive system while
the decrease of this angle reveals the presence of a charge
transfer resistance in parallel to the EDL capacitance. Actually,
the occurrence of such a decrease in the angle under the
application of a certain potential has been used to study the
electrode-electrolyte interphase and determine the cell
voltage.**®® Moreover, the intersection of this nearly vertical line
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Fig.7 CVsat20 mV s!(a), GCDs at 4 A g~ (b), Nyquist plots (c), the plot of capacitance versus current density (d), the Ragone plot (e) and
capacitance retention upon cycling (f) obtained using NnEMIMBF, : (1.5-n)EMIMTFSI : 2H,0 : DMSO : 1.5CH3CN mixtures with n = 1.15 (green
lines), 0.95 (blue lines), 0.69 (pink lines), 0.44 (yellow lines), and 0.2 (orange lines), as electrolytes. The ESW was 2.2 V.

31430 | J Mater. Chem. A, 2025, 13, 31421-31434

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta04796j

Open Access Article. Published on 08 August 2025. Downloaded on 2/27/2026 8:03:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

with the x axis provides the internal resistance (Rin grs, also
named the equivalent series resistance, ESR)* of the cell. In our
case, we observed how the mixture with n = 0.69 displayed the
best performance overall, with both the lowest Rj, g5 (as
compared to mixtures with n = 1.15, 0.44 and 0.2, Table S6) and
the highest verticality (as compared to every mixture, including
that with n = 0.94). Actually, the mixture with n = 0.69 exhibited
the highest diffusion coefficients for every ion and the best
balance among the diffusion transference numbers (Fig. 4) that,
respectively, favour ion transport and help prevent charge
accumulation and concentration gradients at the interface.

CV and galvanostatic charge/discharge (GCD) curves were
also obtained for every mixture. CV was carried out at 25 °C and
at scan rates ranging from 10 to 100 mV s~ ' (Fig. S17). GCD
curves were obtained at current densities ranging from 1 to
12 A g~ " (Fig. S18). The shape of both CV and GCD curves was
typical of SCs, quasi-rectangular for CVs and near isosceles for
GCDs (Fig. 7a and b). The shape of the CVs obtained at different
potentials suggested that the most appropriate ESW for these
mixtures was indeed 2.2 V. Interestingly, GCD curves revealed
that the mixture with n = 0.69 was the best performing in terms
of not only energy storage capabilities but also internal resis-
tances (Rin¢_srdrops determined from the IR drop at the initiation
of the current discharge for different current densities, Fig. S19
and Table S7).°” As mentioned above for R, gs, the internal
resistance is directly influenced by the diffusion coefficients
and transference numbers of the electrolyte. Considering that
higher diffusion coefficients and well-balanced transference
numbers (Fig. 4) led to lower internal resistance, faster charge
transport and better performance, the mixture with n = 0.69
exhibited the best balance between energy and power density as
observed in the plot representing specific capacitance versus
current density and in the Ragone plot obtained for every
mixture (Fig. 7d and e). Finally, the trend followed by the
capacitance retentions obtained for the different mixtures after
cycling 5000 times at 2.2 Vand 3 A g~ was basically the same as
that described above for other electrochemical measurements,
following the ordern =0.69 = n=094>n=02 =n=115>n
= 0.44 (Fig. 7f). The Nyquist plots obtained after cycling
revealed different electrolyte deteriorations (Fig. S20), basically
aligning with the above-observed capacitance retentions.

7. Conclusions

This work demonstrated how a proper combination of two
chaotropic anions with different molecular sizes and
hydrophilic/hydrophobic features promoted the formation of
anion-rich solvation structures that helped balance the inher-
ently distinct electrochemical stability of cations and anions in
SCs. MD simulations allowed identifying the new arrangement
of ions and solvent molecules happening in ZEMIMBF, : (1.5 —
n)EMIMTFSI : 2H,0 : DMSO : 1.5CH;CN mixtures for which the
sum of BF, and TFSI  anions in the first coordination shell
outnumbers those of the single salt mixtures (e.g,
1.5EMIMBF, : 2H,0: DMSO :1.5CH3;CN or 1.5EMIMTFSI:
2H,0 : DMSO : 1.5CH3;CN). In particular, the number of anions
around EMIM" increased from ca. 3 for both n =0 and n = 1.5 to

This journal is © The Royal Society of Chemistry 2025
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ca. 4.5 for n = 0.69 to obtain EMIM "-solvated complexes in the
form of a near-10-fold coordination structure (e.g,
(BF,)4(TFSI"),(EMIM")(H,0),(DMSO),4(CH;CN),, with a + b =
4.5 and ¢ + d + e = 5.2). Spectroscopic analyses (ATR, NIR, and
NMR) and MD simulations further confirmed that the HB
network of H,O at n = 0.69 is the weakest among all mixtures
studied, consistent with the formation of a more disordered,
loosely bound structure. This is corroborated by excess property
analyses, which showed the greatest deviations from ideality at
this composition, and by DN trends, which revealed a high level
of complex solvent-solvent and solute-solvent interactions. All
these results pointed to the formation of a loose structure that,
as revealed by the diffusion coefficients obtained from PGSE-
NMR spectroscopy, favours ion mobility minimizing charge
accumulation and concentration gradients at the electrode-
electrolyte interface. These structural and transport advantages
translated directly into superior device performance: the elec-
trolyte with n = 0.69 delivered the lowest internal resistance
values (confirmed by both Nyquist plots and IR drops from GCD
curves) and the best rate capability among all tested systems.
This is particularly notable given the demanding nature of rate
performance in SCs, more so than that needed in Li- or Na-
metal ion batteries. In summary, the findings demonstrate
that HE electrolytes with carefully tuned anion-rich solvation
structures (with the mixture with n = 0.69 as the most
remarkable example) can simultaneously improve energy
storage and power delivery in SCs, positioning them as
a promising candidate for next-generation energy storage
systems.

8. Experimental section

The details of the sample preparation and the details of all the
measurements and simulations are described in the SI.
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