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Herein, we propose eco-friendly electrolytes based on sodium chloride as a hydrogen bond acceptor and
glycerol as a hydrogen bond donor, as alternatives to toxic, flammable and unsustainable electrolytes
commonly used in electrochemical energy storage systems. By means of an in-depth multi-technique
investigation, including Raman and FT-FIR spectroscopy, of the formulated electrolytes, we point out the
effect of the structuring of the system on the transport and electrochemical properties. The 1:10 molar
ratio mixture proves to be a deep eutectic solvent (DES), showing good room temperature ionic conduc-
tivity (0.186 mS cm™) and electrochemical stability (=3 V). When implemented as electrolyte in an acti-
vated-carbon electrochemical double layer capacitor, this DES exhibits superior performance compared
to mixtures with different molar ratio and those containing ethylene glycol as the hydrogen bond donor,
with a high operational voltage (2.6 V), a specific capacitance of 14.1 F g%, and a remarkable cycling stabi-
lity. These findings highlight the potential of glycerol-based DESs as alternative electrolytes for sustainable
electrochemical energy storage applications.

1. This work advances the field of green chemistry by developing an eco-friendly deep eutectic solvent (DES) as a sustainable alternative to toxic, flammable,
and unsustainable electrolytes commonly used in electrochemical energy storage systems. It promotes the use of renewable and non-toxic materials while pre-

serving key electrochemical properties.

2. The proposed DES is composed of sodium chloride, an inherently sustainable salt, and (bio) glycerol, a byproduct of various industrial processes, particu-
larly biodiesel production. This DES not only offers a sustainable alternative to conventional organic electrolytes but also enhances the eco-friendliness of its

own electrolyte category.

3. Since obtaining a greener DES than ours is actually challenging, tailored studies could investigate the recyclability of the DES after use in energy storage

devices to close the loop and reduce waste. Additionally, expanding the range of electrochemical application of this DES would pave the way for further sus-

tainable and large-scale use.

Introduction
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fuels. Besides, the fluctuating prices of non-renewables, influ-
enced by recent global events, have further highlighted the
importance of sustainable energy solutions." In this scenario,
solar and wind power play and will play a key role with an
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2028, twice as much as now.> However, the intermittency and
unpredictability of these energy sources® force the integration
of the related technologies with electrochemical energy storage
systems (EESSs), such as metal-ion batteries (MIBs) and
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electrochemical double-layer capacitors (EDLCs).® Moreover,
these technologies are becoming increasingly significant in
the automotive market,” primarily due to the electric vehicle
sales growth in the last few years, especially from 2022 to 2023
with a growth of 35%.°

MIBs generally rely on an electrolyte composed of a mixture
of linear and cyclic organic carbonates, such as dimethyl car-
bonate and ethylene carbonate, with a metal salt.” Although
this type of electrolytes can achieve high electrochemical per-
formances, there are some drawbacks associated with their
thermal stability.® Indeed, in addition to the low thermal stabi-
lity of the common fluorinated salts used, such as LiPFg in
lithium-ion batteries,” organic carbonate solvents are highly
flammable and can cause thermal runaways.'® On top of that,
conventional organic electrolytes are not environmentally
friendly, since they are usually fossil-derived, and they pose a
risk to health and the environment due to their inherent tox-
icity."* Similarly to MIBs, commercial EDLCs are based on
organic electrolytes, mainly consisting of a conductive salt,
such as tetraethylammonium tetrafluoroborate (TEABF,), dis-
solved in acetonitrile or propylene carbonate solvents. These
electrolytes present an operation potential window between 2.5
and 2.8 V, which can ensure high energy density.'> Here again,
using organic solvents in EDLCs has toxicity, volatility, safety,
and sustainability drawbacks, as they are derived from fossil
fuels.'® However, since organic electrolytes show a sub-optimal
ionic conductivity (in the order of mS cm™), thus leading to
EDLCs with limited power density, an alternative for this appli-
cation is represented by aqueous electrolytes. However, the
latter are not fully compatible with commercial EDLCs due to
the low electrochemical stability of water (operation voltage
commonly restricted to about 1.0 V), which limits the energy
density of the systems.'* Recently, significant effort has been
devoted to developing highly concentrated aqueous electro-
lytes, called “water-in-salt” electrolytes, to promote interionic
attractions over water-ion interactions, aiming to extend the
electrochemical stability."® In this scenario, the design of inno-
vative and eco-friendly electrolytes with good ionic conduc-
tivity and high operational voltage is crucial for the advance-
ment of sustainable EESS.

In recent years, deep eutectic solvents (DESs)'® have joined
ionic liquids (ILs) as alternative electrolytes in several appli-
cations,"”” among which their use as next-generation electro-
lytes is of particular interest owing to their low volatility, low
flammability and good thermal and electrochemical
stability.'®'® A DES is a mixture of two or more compounds for
which the eutectic point temperature is deeper than the eutec-
tic point expected for an ideal liquid mixture,”® a concept
common with numerous definitions currently found in the lit-
erature.”! This unique thermodynamic behavior is due to the
establishment of specific intermolecular interactions, mainly
hydrogen bonds, between at least one hydrogen bond donor
(HBD) and one hydrogen bond acceptor (HBA). Differently
from other electrolytes, such as ILs and those based on volatile
organic compounds (VOCs), these mixtures can be easily pre-
pared without stringent conditions since they have been
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proven to be stable in air and humidity, thus contributing to a
drastic cost reduction in the production phase.””> Another
advantage of this class is the claimed biodegradable nature,
although some evidence shows that not all DESs are “readily
biodegradable” or non-toxic.>® Indeed, it must be considered
that the resulting mixture may not necessarily be harmless in
the case of green precursors and that mixtures with metal salts
may inherently pose toxicity concerns.'”

Recent advancements in novel eutectic electrolytes have
shown highly promising results, particularly in post-lithium
MIBs batteries.* Notably, the ZnCl,-ethylene glycol DES has
achieved remarkable outcomes enabling a dendrite-free Zn
anode and significantly extending the lifespan of zinc-ion bat-
teries.>® Alternatively, electrochemical properties of simpler
binary systems like this can be enhanced by incorporating
additives, such as water within hybrid eutectic co-solvents,*® or
by creating more complex systems involving three or more
components.>’

Notwithstanding their remarkable features, the main issue
that hinders the exploitation of DESs as electrolytes in EESS is
their high viscosity, which jeopardizes the ionic conductivity
and, thus, the overall system performance.’® Moreover, despite
the electrochemical stability window of DESs being wider than
expected from protic solvents, it is still smaller than ILs and
organic electrolytes.”® Consequently, it is crucial to investigate
the correlation between structure and properties further to
harness the potential of these electrolytes as eco-friendly
alternatives to traditional organic ones and ILs. This approach
could pave the way for designing new DESs capable of over-
coming the limitations mentioned above, always considering
the potential environmental implications of their use.

Differently from the hazardous, toxic and not sustainable
HBAs that have been widely used until now,”" in combination
with a variety of HBDs, the aim of the work is to propose a
truly green electrolyte. In the present work, we formulated
novel formulations based on the combination of NaCl (as
HBA) with two different HBDs, namely ethylene glycol (EG)
and glycerol (Gly). Indeed, while sodium chloride is an inher-
ently sustainable salt, glycerol can be obtained as a byproduct
from different industrial processes, especially biodiesel pro-
duction through transesterification.>***" Unfortunately, this is
not (yet) the same for ethylene glycol since it is currently pro-
duced starting from ethylene, which is a petrochemical deriva-
tive.>> However, above the fact that the production of ethyl-
ene®® and ethylene oxide®* (the forefather of EG) from bioetha-
nol have been proposed, there is much research devoted to the
production of this solvent from cellulose and biomass, and
especially to the techno-economic evaluation of these syn-
thesis pathways.?® The only noteworthy example of glycerol-
based DES electrolyte relies on the most used HBA, choline
chloride (ChCl), and it has been tested in supercapacitor
showing a specific capacitance of 30 F g~ at room tempera-
ture, but with a quite limited operational voltage (1.9 V operat-
ing at a current density of 1 A g7%).>°

Before implementation in a complete EDLC, we conducted a
multi-technique investigation of the formulations to determine

Green Chem., 2025, 27, 6002-6015 | 6003
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the eventual formation of DESs and correlate the structural pro-
perties with the physical, chemical, and electrochemical ones.
More in detail, we exploit differential scanning calorimetry
(DSC) to assess the mixture’s melting temperature and to dis-
close whether they resemble a DES or salt-in-solvent system. On
top of that, Raman spectroscopy was employed to delve into
the molecular interactions, figuring out the impact of the HBA
on the HBDs conformations, with our findings indicating that
this technique can be a reliable method for verifying DES
formation.*”?® As a further piece of evidence, the mixtures
were analyzed to evaluate their physicochemical and electro-
chemical properties. Even though EG-based mixtures demon-
strated higher ionic conductivity (and lower viscosity) than Gly-
based mixtures, in the last ones, the formation of more stable
structures strongly impacts electrochemical stability. The inter-
actions established between NaCl and Gly make less room for
secondary decomposition reactions that can be noticed in EG-
based mixtures. Indeed, based on the multi-technique charac-
terization, only NaCl-Gly 1:10 can be considered an actual
DES among all the formulated mixtures. Furthermore, it
turned out to be the best electrolyte among those studied since
the EDLC made with this electrolyte and activated carbon (AC)
electrodes can operate stably at high voltage, showing remark-
able results for such an eco-friendly electrolyte.

Experimental

Materials

Glycerol (CAS no. 56-81-5, BioRenewable, >99.5%) and sodium
chloride (CAS no. 7647-14-5, >99%) were purchased from
Sigma Aldrich, while ethylene glycol (CAS no. 107-21-1,
>99.5%) from TCI. Glycerol and ethylene glycol were pre-
treated with a 15-minute vacuum drying process to minimize
excess water content before use.

Preparation

The mixtures were prepared by stirring the components under
heating at 40 °C in closed vials until a homogeneous and
transparent phase is formed. This temperature was chosen to
avoid any unwanted degradation. The NaCl-EG molar ratio
varied between 1:18 and 1: 12, while the NaCl-Gly molar ratio
between 1:14 and 1:8. More concentrated mixtures showed
the presence of undissolved NaCl, therefore they were not con-
sidered. The water content, determined by Karl-Fischer coulo-
metric titration, was found <0.2% w/w for all the mixtures
(Table S17).

Spectroscopic characterization

Raman spectra were acquired using a laser with 1 = 785 nm,
associated with the Renishaw Raman Microscope 1000 instru-
ment, after calibrating it with monocrystalline silicon, by
applying 1% laser power with a 5x NIR objective lens for 10
acquisitions, each lasting 20 seconds. For both polyols, the
region 100-1800 cm™" was examined. The regions of interest
were manipulated by truncation, baseline subtraction and nor-
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malization to the most intense peak, to highlight the spectral
changes. Since the band intensities, as well as the background,
depend on non-constant scattering phenomena (considering
the liquid nature of the samples), subtracting the baseline
from the spectra is quite challenging, especially throughout
the whole spectrum. However, it is possible to subtract the
baseline more easily and analyze the intensities of the bands
by limiting the analyzed region. For the interpretation of the
spectra resulting from Gly-based mixtures, we relied on the
simulation of the spectra of each conformation.

Far-infrared measurements were performed exploiting the
SISSI-Bio source at Elettra Synchrotron,® delivering light from
the THz to the visible range. The ATR (Attenuated Total
Reflectance) technique was employed, using a single reflection
monolithic diamond crystal. Samples were dropped onto the
crystal and enclosed in a sealed chamber, allowing the entire
interferometer (Bruker Vertex 70V) to operate under vacuum
while keeping the sample in air. The signal was acquired with
a helium-cooled bolometer operating at —267.15 °C to ensure
optimal sensitivity. The signal in the spectral range from 10 to
600 cm ™" was collected by acquiring 256 scans at a speed of 10
kHz. For each solvent, three measurements were taken and
averaged. Absorbance was calculated using as reference the
ATR signal of the clean crystal. After subtracting the residual
atmospheric absorption (Opus 8.5 Bruker Optics), data were
further corrected for the optical path using the refractive
indices of the mixtures and following the methodology used
by Zunzunegui-Bru et al.*® Lastly, the spectral curves were cut
between 40 and 360 cm™', and a baseline correction was
applied using a rubberband method with 128 points (per-
formed with Opus 8.5 by Bruker Optics).

Physicochemical investigation

Melting temperatures were determined with a TAQ200 DSC,
acquiring the thermogram between —80 °C and 30 °C with a
ramp rate of 10 °C min~'. Before the measurement, each
sample underwent two cycles between —80 °C and —50 °C to
promote complete crystallization and the presence of a well-
defined melting peak. The calorimetry analysis was successful
with EG-based mixtures, whereas for Gly-based ones the
glassy-like behavior (i.e., mixtures could undergo extended
undercooling) was more pronounced thus leading to thermo-
grams without any detectable solid-liquid transitions.
Consequently, for those mixtures the melting points were
measured using a cold thermometer glass, immersed in the
mixtures through the bulb, following an established procedure
in our laboratories.>” Each mixture was firstly frozen by immer-
sing the vial in a Dewar flask containing liquid nitrogen
(-196 °C) and taking advantage of headspace cooling,
without ever allowing its contact with the nitrogen to avoid the
fast cooling and so the formation of the glassy state. Once the
mixture was frozen, it was allowed to warm up slowly to
room temperature. The temperature at which it was possible to
extract the bulb from the solid was recorded as the
melting point. The reported values are the average of
3 measurements each.

This journal is © The Royal Society of Chemistry 2025
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Viscosities were measured with a Discovery HR10 rheometer
between 20 °C and 90 °C (75 °C for ethylene glycol to avoid any
decomposition) with a ramp rate of 5 °C min™" (Peltier Plate); a
0.9939° cone plate with a diameter of 40 mm were used for the
measurements. The shear rate was set at 20 s™*. Before each
measurement, a conditioning procedure, at RT with a shear
rate of 10 s~* for 300 s, was performed to evenly distribute the
mixture and likely remove any trapped air.

The ionic conductivities were measured with an Hach®
Sension + 5071 between 25 °C and 85 °C (75 °C for ethylene
glycol, due to possible thermal instability) by means of electro-
chemical impedance spectroscopy (EIS) in the frequency range
between 10 Hz and 1 MHz and with a sinus amplitude of
10 mV. A KCl 0.1 M aqueous solution was used to calibrate the
instrument.

Electrochemical analyses

Cyclic voltammetry (CV) curves were acquired to estimate the
electrochemical stability window (ESW) of the mixtures. CVs
were performed through a BioLogic SP-150 potentiostat with a
scan rate of 1 mV s™'. A three-electrode set-up was employed
with a carbon disc as the working electrode, a Pt wire as the
counter-electrode and AgCl/Ag as the reference electrode. To
evaluate the electrochemical performance in EDLC (CV and
galvanostatic charge/discharge) symmetrical T-configuration
cells (Swagelok Cell) were used. The measurements were made
employing two identical activated carbon electrodes. The acti-
vated carbon electrodes were prepared by mixing with water a
commercial YP50F (Kuraray) activated carbon with C65
(Imerys) conductive carbon additive and PTFE (Sigma Aldrich)
as binder in an 85/10/5 ratio. Once a homogenous down-like
dispersion was obtained, the material was calendared in a thin
self-standing film of 0.5 mm and cut into 12 mm diameter
disks with a metal die and left to dry under vacuum using the
BUCHI Glass Oven B-585 for 24 hours before use. The cells
were assembled inside a UNIlabplus glove box (MBRAUN).
Once the cells were prepared, the analyses were carried out
with the VMP3 BioLogic instrument. CV curves of complete
cells were acquired with the same scan rate of the ESW
measurements (1 mV s™'), while the galvanostatic charge/dis-
charge (GCD) technique was performed on the more promis-
ing electrolytes at 0.5, 1 and 2 mA cm >, with an upper cut-off
voltage ranging from 2 to 3 V.

1H NMR

"H NMR spectra were acquired on a Jeol ECZR600 and spectro-
meter working at 14.1 T (*H operating frequency: 600 MHz), in
DMSO-d6, using the residual solvent peak as an internal refer-
ence (DMSO-d5 "H: 2.54 ppm).

Results and discussion
Thermal properties

An appropriate thermal analysis is mandatory to obtain the
melting point of the formulated mixtures and consequently

This journal is © The Royal Society of Chemistry 2025
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assign the eutectic point, i.e. the HBA/HBD molar ratio which
presents the lowest melting point among those investigated.
However, an accurate analysis by means of DSC is not feasible
for the Gly-based mixtures®"** since they exhibit a glass-like
behavior (zero-enthalpy phenomenon) and can be easily super-
cooled without showing any solid-liquid phase transition in
the thermograms.”® It should be pointed out that many
authors in literature reported melting temperatures of similar
mixtures, but without showing any DSC traces, undermining
the reliability of the available data. To overcome this hurdle,
an ad hoc method, detailed in the Experimental section, was
employed to detect the melting temperatures of Gly-based mix-
tures which are summarized in Table S2.1 As can be graphi-
cally noticed from the trend of the melting temperatures as a
function of the molar ratio sketched in Fig. 1, the lowest
melting temperature does not belong to the more concentrated
mixture (1:8), but to NaCl-Gly 1:10 (—18.3 °C), which is sig-
nificantly lower than the melting point of an ideal system (fol-
lowing the cryoscopic depression rule), indicating the likely
formation of an eutectic system. Even though similar issues
with thermograms have been reported for EG-systems,’! we
were successful in disclosing the melting point of NaCl-EG
mixtures by DSC (Fig. S1t). Such mixtures show a decrease in
the melting temperature as the concentration of NaCl
increases (Table S27), following a cryoscopic depression from
—20.0 °C (molar ratio 1:18) to —21.6 °C (molar ratio 1:12),
with a typical deviation from the ideality,>* as shown in Fig. 1.

Spectroscopic characterization of NaCl-Gly mixtures

According to the literature, DESs are generally described based
on the intermolecular (mainly hydrogen bond) interactions
between the HBD and the HBA. Essentially, this means that the
possibility of a structural change of the HBD inside the eutectic
mixture, and how this can affect the formation or not of a eutec-
tic system, the transport properties and electrochemical stability,
is never considered. To fill this gap, we performed Raman ana-

15
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em.
= Wi,
o M NaCl-Gly e
= A NaCI-EG ‘n
© 101 ® Ideal NaCI-Gly
o L A Ideal NaCI-EG L
D g
§
L 154 .m
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Fig. 1 Melting temperatures vs molar ratio HBA/HBD of NaCl-Gly and
NaCl-EG mixtures and ideal behaviour ruled by cryoscopic depression
calculated according to the equation AT =i X K., x molality (Ker,cy =
3.56 °C Kg mol™, K¢, g = 3.11 °C Kg mol™).
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lysis on the pure solvent and on all formulations in the region
100-1800 cm™ to assess possible changes in the molecule con-
formations. Once spectral variations in the different formu-
lations have been established, we analyzed the components
underneath specific bands to verify and validate the formation
of the DES (1: 10). Besides, by doing that, we aimed at establish-
ing a correlation between the structural features of the molecules
(and thus the resulting intermolecular interactions) and the
transport and electrochemical properties which will be discussed
in the following paragraphs. Different glycerol conformers exist
due to the dihedral angles involving the two C-C-C-O torsions.
Each terminal CH,OH group can rotate around the other back-
bone carbon-carbon bond. These two torsion angles can be
divided into three staggered regions known as «, p and y. The
combination of different rotation angles in the molecule allows
glycerol to show up in 6 possible conformations called ax, of,
ay, P, By and yy.*> According to the molecular dynamics simu-
lations conducted by Chelli et al. in 1999,*® the most plentiful
conformations in the liquid phase are aa, oy and vy, with per-
centages of 48%, 46% and 4.4%, respectively. Moreover, they
noticed that in the glassy state, the population of conformers is
naturally identical to that of the supercooled liquid near the
glass transition, differently from the crystalline state in which aa
conformer is the only one present.””*®* However, in 2000 the
same group*® found a different population in the liquid phase
by deconvoluting the experimental IR spectrum according to the
DFT computed normal modes for several conformations.
Specifically, they obtained the best fit by using 70% of aa, 27%
of ay and 3% of yy, demonstrating the complexity of univocally
defining glycerol conformations in the liquid phase. This behav-
ior is corroborated by the analysis conducted by Towey et al.,>
who combined neutron diffraction experiments and compu-
tational modelling to determine glycerol conformations in the
liquid phase. The simulation that turned out to be the more
accurate had 83.5% of af, 10.4% of ay, 4.3% of Py and 1.8% of
YY, a distribution completely different from the previous results.
Another aspect to underline is the challenges in rationalizing
the relationship between conformations and the Raman spec-
trum, which was attempted by Chelli et al*® but not with the
same valuable results obtained with the IR spectrum. The key
finding that can be confidently stated based on these studies is
that there is a high probability that o-type conformations are
more prevalent than - and y-type ones, even without knowing
which ones. However, despite this issue, Mendelovici et al.>!
carried out the band component analysis, and by using a fitting
function, they could assign the principal bands in the region
100-1800 cm ™" (Table S4).

To interpret the experimental data (Fig. 2a), the spectra of
the individual conformers (Fig. S21) were simulated, also
including the presence of an implicit solvent (i.e., ethylene
glycol) to get as close as possible to the experimental con-
ditions. Since determining the conformational population of
liquid glycerol falls outside the scope of this investigation,
these spectra were used to extrapolate information about the
variability of specific spectral regions among the formulated
mixtures. among these, the region

However, only
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750-900 cm ™", in which the C-C stretching of the molecule is
present, is informative, undergoing significant changes in the
peak intensities as the HBA concentration varies (Fig. 2b).
Indeed, the region of the C-O stretching (1000-1160 cm™") and
C-C-O rocking (356-600 cm™"), which would have been ideal
for analysis as they are directly connected to intermolecular
hydrogen bonds, do not present any notable changes (Fig. S37).
Presumably, since these spectral regions are sensitive to both
molecular conformations and the surrounding chemical
environment (which could cause shifts in Raman spectra), a
compensatory effect occurs, leading to minimal, if not negli-
gible, variations in those. Going into more detail, the band at
821 cm™! decreases as the NaCl concentration increases, while
there is a slight growth of the band at 793 cm™". Nevertheless,
from the normalized spectra, the variations in the intensity
ratios could be highlighted, but it was not possible to actually
see the changes in each band. Consequently, we carried out the
deconvolution of the bands of the pure HBD, and then we used
its parameters to fit the formulated mixture bands. As shown
in Fig. 2¢, the deconvolution of the selected region involves the
use of four curves, centered at 793 cm™, 869 cm™?, 821 cm™*
and 850 cm ™" respectively. Once the fitting had been conducted
for all the mixtures, the integrated areas relating to each com-
ponent were extracted and compared (Fig. 2d). Each value was
then related to the area of the total curve and plotted as a func-
tion of concentration. The most significant structural alteration
of the HBD occurs with the initial addition of HBA; actually,
beyond NaCl-Gly 1:14, such pronounced variations in peak
intensities are no longer noted, except for NaCl-Gly 1:10,
which represents a marked discontinuity in the plot.
Specifically, the band at 821 cm™, probably the most traceable
to the ap conformation (Table S371), is largely unaffected by the
concentration of the HBA, while the bands at 869 cm™ and
793 cm™! seem interrelated and inversely related to the band at
850 cm™, as if there were an exchange between the confor-
mations that dominate the central region (presumably aa and
ay) with those that are prevalent in the external region (pre-
sumably B, By and yy). Given the uncertainty in defining the
conformer population, we cannot assume the percentage con-
version of a particular conformation, but we can infer that
there is at least a reorganization within the system, with a
peculiar arrangement for the eutectic composition. Of course,
even in the case of EG-based mixtures the addition of NaCl
induces significant spectral variations (Fig. S47t), particularly in
the region 450-580 cm™, which is sensitive to the population
of the two different conformers (gauche and trans). This struc-
tural change is attributable to the coordination of sodium to
the hydroxyl groups of ethylene glycol, highlighted by the spec-
tral changes in the region 810-920 cm™" (Fig. S47). However, as
the amount of salt increases, the variations clearly become
more pronounced, without any discontinuity in the trend. This
is due to the formation of salt-in-solvent systems, without a
peculiar situation forming as for NaCl-Gly mixtures, among
which the 1: 10 ratio is a eutectic point.
Raman spectroscopy proved to be highly effective in high-
lighting the conformational changes in glycerol induced by

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Experimental Raman spectra of pure Gly and Gly-based mixtures. (b) Normalized Raman spectra in the region 750-890 cm™. (c)
Deconvolution bands. (d) Trend of the component areas as a function of concentration.

NaCl. However, due to the set-up of the adopted instrument,
exploring intermolecular hydrogen bonds at low Raman shift
(Fig. 2a) would be challenging and unreliable. To overcome
this issue, FIR spectroscopy was employed. Indeed, this tech-
nique is well-established, particularly for ILs,*>°* as a valuable
tool for investigating this spectral region. Between
40-360 cm™', glycerol spectral bands undergo significant
changes following on from the increase with each addition of
NacCl (Fig. 3a), confirming alterations in the HBD-HBD inter-
actions, as expected in the case of a different conformational
population, and a reorganization of the system. As shown in
Fig. 3b, the deconvolution of the spectra reveals seven curves,
one of which, at 214 em™, is likely attributed to trace amounts
of water in the mixtures (Fig. S5t). The most responsive bands
to NaCl concentration are those at 300 cm™, 220 cm™*, and
136 cm™'. By plotting the area ratios A(300 cm™")/A(220 cm™")
and A(136 cm™')/A(220 cm™") as a function of the concen-
tration, in Fig. 3¢, a minimum appears in both trends at molar
ratio of 1:10, resembling the eutectic behavior (Fig. 1). Once
more, as already evidenced by Raman spectroscopy, this con-
centration represents a unique condition, i.e. the eutectic com-
position, specifically characterized by a greater increase of the
band at 220 cm ™" at the expense of the bands at 300 cm™" and

This journal is © The Royal Society of Chemistry 2025

136 cm™*

techniques strongly suggested that NaCl induces not only vari-

. Therefore, the investigation through spectroscopic

ations of the surrounding hydrogen bond environment of gly-
cerol, as evidenced by FIR spectroscopy, but also of the popu-
lation of conformers within the HBD, highlighted by Raman
spectroscopy. Moreover, both techniques demonstrate how the
spectral discontinuities can be correlated with the thermal
ones, Le. the eutectic point, setting aside the spectroscopic
nature of the bands discussed, which is being investigated in
independent computational work.

Transport properties

The extensive interactions through hydrogen bonding (but also
van der Waals and electrostatic interactions to a lesser extent)
between HBA and HBD do not affect the thermal properties of
the mixtures only, but also their transport properties.>®
Generally, because of these extensive networks, DESs have
higher viscosity and lower ionic conductivity than convention-
al electrolytes.”® To gain deeper insight into the correlation
between the structure and properties of the mixtures, and
since transport properties of an electrolyte play a crucial role
in the final performances of EESS, viscosity measurements
were performed between 20 °C and 90 °C (80 °C for EG-based

Green Chem., 2025, 27, 6002-6015 | 6007
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Fig. 3 (a) Experimental FIR spectra of pure Gly and Gly-based mixtures. (b) Deconvolution bands (c) A(300 cm™)/A(220 cm™) and A(136 cm™)/A

(220 cm™) as a function of the molar ratio.

Table 1 Viscosity data of the formulated mixtures extrapolated through the VFT coefficients obtained from the experimental curves

Viscosity, 7 (mPa s)

Mixture Molar ratio 25 °C 35°C 45 °C 55 °C 65 °C 75 °C 85 °C

NaCl-EG 1:18 22.5 14.6 10.2 7.46 5.71 4.52 —
1:16 23.1 15.1 10.5 7.71 5.90 4.67 —
1:14 23.9 15.5 10.7 7.74 5.83 4.54 —
1:12 31.7 20.1 13.8 10.1 7.69 6.09 —

NaCl-Gly 1:14 1114 480.8 234.8 126.6 73.8 46.0 30.2
1:12 1137 487.1 237.5 128.2 75.1 47.0 31.1
1:10 1019 440.4 216.4 117.7 69.4 43.7 29.1
1:8 1143 495.6 242.9 131.2 76.7 47.8 314

mixtures) to understand as this varies with the temperature

(Table 1). As expected, viscosity decreases as the temperature

increases, following the Vogel-Fulcher-Tammann (VFT)
equation (Fig. S6 and 77):

Inp=Inngy +—-—=

n Mo T—T,

where 7, describes the viscosity of the fluid at a relatively very
low temperature, B is a parameter linked to the activation

6008 | Green Chem., 2025, 27, 6002-6015

energy (E,), and T, is the ideal glass-transition temperature
(zero configurational entropy).>* Albeit the rationalization of
transport properties (viscosity and ionic conductivity) could
have also been carried out using the Arrhenius equation, the
latter would not have accounted for the glassy nature of the
HBDs used, which leads to a temperature dependence of these
properties deviating from expected behaviour near their glass
transition. The parameters extrapolated from the experimental
data are listed in Table S67 for each mixture. The coefficient of

This journal is © The Royal Society of Chemistry 2025
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Table 2 lonic conductivity data of the formulated mixtures extrapolated through the VFT coefficients obtained from the experimental curves
Tonic conductivity, ¢ (mS cm™)

Mixture Molar ratio 25 °C 35°C 45 °C 55 °C 65 °C 75 °C 85 °C

NaCl-EG 1:18 3.75 4.71 5.61 6.44 7.21 7.92 —
1:16 4.03 5.40 6.77 8.11 9.40 10.6 —
1:14 4.21 5.92 7.84 9.92 12.1 14.4 —
1:12 4.55 6.12 7.77 9.46 11.1 12.8 —

NaCl-Gly 1:14 0.158 0.332 0.618 1.05 1.65 2.45 3.46
1:12 0.166 0.359 0.678 1.16 1.82 2.70 3.80
1:10 0.186 0.376 0.684 1.14 1.77 2.60 3.66
1:8 0.186 0.389 0.729 1.24 1.97 2.95 4.21

regression (R%) is >0.999 for Gly-based mixtures, while it is
>0.96 for EG-based mixtures due to the noise caused by their
lower viscosities at high temperature, which are close to the
limit of the sensitivity of the instrument geometry. Through
this model, more accurate viscosity values were extracted in
the same temperature range. For EG-based mixtures the vis-
cosity values at room temperature increase with the concen-
tration as expected from “salt-in-solvent” mixtures, as the free
volume available for the movement of the molecules is
reduced.?® On the contrary, Gly-based mixtures do not behave
in the same way since the viscosity increases in order 1:10 <
1:14 <1:12 < 1:8, not following the concentration trend. The
explanation could lie in the formation of a DES (1 :10), which
led to a different conformational population of the mixtures,
as suggested by Raman spectroscopy, causing a quite lower vis-
cosity than expected. Specifically, an increase in the f- and
y-type conformations at the expense of the o-type confor-
mation might weaken the hydrogen bond network, ultimately
resulting in a less viscous system. Moreover, Gly-based mix-
tures are more viscous (by two orders of magnitude) than EG-
based mixtures, as expected from the viscosity of pure HBDs:
this is clearly detectable from parameter B (linked to the acti-
vation energy), which is about two times higher (Table S67).
The other aspect related to transport properties is ionic con-
ductivity (Table 2), which severely impacts the final electro-
chemical capacity of the EESS. As for the viscosity, the ionic
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Fig. 4 Walden plot of the investigated mixtures.
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conductivities trend of the mixtures follows the VFT equation
(Fig. S8 and 97):

Inc = Inoy, +Tf T
where o, is the ionic conductivity at infinite temperature, B is a
parameter linked to the activation energy, E,, and T, is the
ideal glass-transition temperature (zero configurational
entropy). The parameters extrapolated from the experimental
data of each mixture are listed in Table S7, with regression
coefficients (R*) > 0.999. We extracted the ionic conductivities
in the same temperature range for all the formulations. For
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Fig. 5 ESW of NaCl-polyols electrolytes by using carbon as the working

electrode at 1 mV s~
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EG-based mixtures the ionic conductivity values at room temp-
erature increase with concentration, as expected from “salt-in-
solvent” mixtures, in analogy with the decrease observed for
viscosity values. Instead, for Gly-based mixtures the ionic con-
ductivity increases with the concentration until NaCl-Gly 1: 10
and then remains constant for NaCl-Gly 1:8, again demon-
strating a discontinuity in the property at the eutectic compo-
sition. Hence, our DES has the highest ionic conductivity
among the mixtures, and the reason is understandable, as
envisaged by the previously discussed drop in viscosity. The
ionic conductivities of Gly-based mixtures are, as expected,
lower than EG-based mixtures, owing to their higher viscos-
ities. This is also evident from parameter B, which is more
negative for Gly-based mixtures (Table S77).

As a further step towards the comprehension of how the
structure impacts on the transport properties, we evaluated the
relation between ionic conductivity and viscosity through the
Walden law. This claims that the product of the molar conduc-
tivity A, and the viscosity #* (where a corresponds to the
Walden plot’s slope) is constant for infinitely diluted electrolyte
solutions, although the approach fits well even with more con-
centrated systems. Based on this rule, it is possible to draw the
Walden plot, log A, versus log ', which is a qualitative method
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to establish the ionicity of a liquid, which refers to the number
of “free” ions in solution.> The diagonal in the Walden plot rep-
resents the so-called ideal KCl line, which is arbitrarily assigned
to 1 M aqueous KCl, even though the definition of the ionicity
based on this line is questionable since only a point for this
solution actually lies on the diagonal.’® In accordance with the
position of the Walden plot of the mixtures it is possible to
define three cases: (i) superionic liquid, (ii) good ionic liquid
and (iii) poor ionic liquid when far above, close or far below the
diagonal, respectively.””>® As shown in the Walden plot reported
in Fig. 4, all our mixtures show good ionicity at the respective
concentration range, with a slightly higher ionicity in the case of
the Gly-based mixtures, meaning that no ionic association limits
the mass transfer in these systems.

Electrochemical investigation

Once the structural and transport properties of the mixtures
and the differences induced by the variation of HBA and HBD
molar ratio were elucidated, we conducted a thorough electro-
chemical characterization aiming at understanding how these
structural differences could affect electrochemical stability.
Three-electrode cyclic voltammograms of all the mixtures are
depicted in Fig. 5.
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Fig. 6 CV curves of NaCl-Gly electrolytes in AC supercapacitors acquired at 1 mV s~ with different operational voltages (2.2, 2.4, 2.6, 2.8, 3 V).
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It should be noted that no supporting electrolyte was added
to the mixture to avoid the further modulation of the hydrogen
bond networking of the system and to be as adherent as poss-
ible to the experimental condition of an electrolyte tested in
EESS. Furthermore, the good conductivity of the electrolyte
allowed us to adopt this strategy. ESWs of EG-based electro-
lytes range between 2.6 and 2.8 V, while the ones of Gly-based
electrolytes are slightly wider, up to 2.8-3.0 V. Furthermore, in
the case of the diol, the CV profiles are not completely flat,
with some bumps evident (Fig. S107f), probably due to
unwanted reactions that irreversibly occur both in oxidation
and in reduction scans. On the other hand, for Gly-based mix-
tures there are no side reactions inside the windows, and the
cathodic limits are at slightly lower potentials, thus leading to
wider ESWs. The disparity in stability between the two HBDs
underscores the presence of a unique structuring in the case
of glycerol, which is lacking with ethylene glycol. In other
words, ethylene glycol molecules are freer within the systems
and, consequently, more subjected to parasitic reactions than
glycerol counterparts. Comparing with literature is challenging
due to the lack of reliability in assessing the electrochemical
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stability of this type of electrolyte. Indeed, the ESWs of certain
DESs are reported using CV at 100 mV s, which is a much
less demanding condition compared to the one we employed
(1 mV s™"). Moreover, electrochemical stability is often evalu-
ated directly within the final electrochemical system, where
interactions with engineered cathodes and anodes may either
positively or negatively impact it. Despite these hurdles, our
mixtures exhibit, overall, wider ESWs than traditional DESs
based on ChCI®*® or zinc salts (e.g., ZnCl, or ZnTFSI)®* as HBAs
and carboxylic acids, amides, or alcohols as HBDs. On the con-
trary, the ESWs remain narrower when lithium salts (e.g,
LiTFSI or LiPF,)®" are exploited as HBAs, which, although pro-
viding superior performances (4-5 V), are less sustainable and
more toxic®” than NaCl.

To comprehensively evaluate the potential of these novel
mixtures, we subjected them to an in-depth electrochemical
characterization (CV and GCD) as electrolytes in super-
capacitors with AC carbon electrodes, thereby providing a
thorough understanding of their overall performance and
paving the way for the optimization of their future appli-
cations. The CVs were acquired for all the formulated mixtures,
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(a) Specific capacitance vs cycle number for NaCl-Gly electrolytes obtained with 10 cycles GCD at different cut-off voltages (2.2, 2.4, 2.6,

2.8, and 3 V) and current densities (0.5, 1 and 2 mA cm™2). (b) Magnified view of (a) showing cycling at 1 and 2 mA cm™2. (c) Comparison between
specific capacitance of NaCl-Gly 1:10 at 2.4, 2.6, and 2.8 V. (d) Specific capacitance and coulombic efficiency vs cycle number of NaCl-Gly 1:10 at

2.6 V.
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increasing stepwise the upper cut-off voltage from 2.2 up to 3.0
V, with the aim of finding the best conditions for cycling the
EDLC. Limited electrochemical stability of EG-based mixtures,
used as the electrolyte in the AC symmetric cells (Fig. S11t), is
evidenced by the presence of secondary (faradaic) reactions
most likely associated with the degradation of the electrolyte.
This behavior would lead to low coulombic efficiency and poor
capacitance retention despite the good capacitance (around 20
F ¢! at 3 V). Differently, Gly-mixtures show excellent stability
even in the complete device, as shown in Fig. 6, and a capaci-
tance of about 7 F g~* at 3 V, even though at relatively high
voltage (>2.6 V) the polyol seems to be starting to lose reversi-
bility, showing a reduced electrochemical stability, as we
expected by using AC electrodes instead of the glassy carbon
electrodes® employed for the determination of the ESW.
However, this striking diversity in electrochemical stability
between Gly-based mixtures and EG-based ones (within the AC
symmetric cell) provides further compelling evidence of the
differing nature of the mixtures, as discussed above. In par-
ticular, the development of more structured DES or DES-like
systems gives rise to electrolytes that demonstrate significantly
improved stability compared to their less structured salt-in-
solvent counterparts, highlighting the critical role of molecular
organization on electrochemical performances.

Moreover, to find the optimal condition for a long-cycling
test, a short GCD (10 cycles) were performed consecutively at
0.5, 1 and 2 mA cm > (chosen according to the currents
reached in the CVs) for the cut-off voltages of 2, 2.2, 2.4, 2.6,
2.8, and 3 V. As shown in Fig. 7a it is evident that at 0.5 mA
em™? the faradaic contribution is not negligible, and the

View Article Online
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decomposition of the electrolytes occurs even at low voltages
(2.2 V). On the other hand, at both 1 and 2 mA cm™>, the cut-
off voltage could be extended up to 2.6 V (at least), without any
strong faradaic behavior (i.e., coulombic efficiency around
99%), except for NaCl-Gly 1:8 which shows significant fara-
daic phenomena already at 2.6 V. Among all the electrolytes,
NaCl-Gly 1:10 better maintains the capacitance and the cou-
lombic efficiency at higher voltages, showing the most promis-
ing performances at 1 mA ecm ™2 (Fig. 7b). Before further inves-
tigating this electrolyte, "H NMR analysis was performed on
NaCl-Gly 1:10 post-cycling. A solution was prepared by
immersing the separator of the post-mortem EDLC in DMSO
for 24 h to guarantee a complete extraction of adsorbed
species. From the resulting "H NMR spectrum (Fig. $121), no
peaks related to glycerol oxidation products (e.g., carbonyl or
carboxyl groups) are detectable, indicating that chlorine gas
evolution could be responsible for the anodic limit of the
ESW. This result appears to be in contrast with the formation
of aldehydes assumed by Sinclair et al.®* However, unlike the
anodic limit, the cathodic one could be consistent and linked
to the reduction of the polyol, specifically to its dehydration
(which leads to hydrogen evolution), as demonstrated for ethyl-
ene glycol. Indeed, the formation of 2-chloro-1,3-propanediol®®
witnessed by "H NMR spectrum is likely related to such de-
hydration reaction, which is hindered by the presence of chlor-
ide and hence by the formation of a secondary adduct.

Lastly, a deeper investigation of the NaCl-Gly 1: 10 electro-
lyte was carried out to evaluate the performance of the DES in
EDLC. Specifically, a long GCD (1000 cycles) was performed at
1 mA cm ™2 at 2.4, 2.6, and 2.8 V (Fig. 7c). In all three cases,

Table 3 Alternative liquid electrolytes for EDLC reported in recent literature

Operating Capacitance
voltage Specific capacitance retention Electrodes Comments Ref.
DES electrolytes
NaCl-glycerol 2.6V 141 Fg'at1 mAcm™ 96% after 1000 AC Highest sustainability This work
(63 mag™ cycles Lowest costs environmental
friendliness
ChCl-urea-water 2.2V 157Fgat1Ag™ 88% after AC Fossil fuel-based 66
25000 cycles
LiTFSI-N- 2.5V 157 Fg 'at347mAg ' — AC High toxicity 67
methylacetamide Fluorinated and unsustainable
solvent fossil fuel-based
LiClOg-acetamide- 2.3V 425Fg tat4Ag” 91% after Graphene/MoS,  Safety issue 68
water 20 000 cycles Fossil fuel-based
Tonic liquid electrolytes
EMIMTFSI 3.5V 190Fg'at2Ag™" 89% after Graphene High toxicity unsustainable and 69
10 000 cycles fluorinated solvent costly and
EMIMBF, 172Fg tat2Ag™" 90% after 1M energy-demanding preparation
cycles process
BMIMPF, 4v 387Fglat1Ag™! 5000 cycle Carbon Fossil fuel-based 70
(60 °C) nanosponge
Water-in-salt electrolytes
LiTFSI 2.2V 44Fglat5Ag™" 80% after 6000 Polyaniline- Unsustainable and fluorinated 71
cycle derived carbon  salt
nanorod Thermal instability
NaClo, 2.4V 263Fg lat1Ag! 93.2% after NaMnO/AC High cost 72
10 000 cycles Safety issue
NaNO; 21V 327Fglat1Ag™! 83.1% after AC Thermal instability 73

9000 cycles
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during the initial 100 cycles, a notable drop in specific capaci-
tance is observed, likely due to decomposition reactions taking
place into the porous of the electrodes, partially degrading the
AC surface and reducing the area available for ion storage.
Indeed, after this stage, the electrolyte reaches a stable state,
exhibiting exceptional capacitance retention.

Particularly, NaCl-Gly 1:10 achieve the best performances
at the intermediate voltage 2.6 V with a specific capacitance of
14.1 F g7* at the 100™ cycle, a remarkable capacitance reten-
tion of 96% at the 1000™ cycle and an average coulombic
efficiency >98.0% (Fig. 7d). Thus, at this voltage, there is the
optimal trade-off between stabilization of the electrode-elec-
trolyte interface phenomena, which are more pronounced at
2.8 V, and the increased capacitance induced by the higher
voltage compared to 2.4 V.

Table 3 provides a comparison of the performance para-
meters, including operating voltage, specific capacitance, and
cycling stability, for the DES used in this study alongside key
results from previous literature on alternative liquid electro-
lytes. Notably, the operating voltage and cycling stability of the
NaCl-Gly system are comparable to, or even exceed, those of
other DES electrolytes, as well as water-in-salt systems. Even if
delivering slightly higher specific capacitances, the latter
suffer from poor thermal stability, high cost and corrosivity
issue due to the high concentrations required. While the
higher viscosity of our DES limits its capacitance, this should
not overshadow its significant advantages in terms of sustain-
ability and environmental friendliness, along with its ease of
production, compared to ILs (which, in turns, can operate
within a wider voltage and deliver better performance). By
avoiding unsustainable or fluorinated salts, as well as toxic or
fossil fuel-derived compounds, it provides a greener and more
eco-conscious alternative for EDLC applications. Furthermore,
ILs usually required an atmosphere-controlled (e.g. a glovebox)
and energy-demanding formulation processes which jeopar-
dize their industrial scalability and negatively impact on the
overall costs.

Conclusions

Throughout this paper, we successfully highlight the potential
of glycerol-based deep eutectic solvents as eco-friendly electro-
lytes for electrochemical energy storage systems, with a par-
ticular focus on their use in activated carbon-based electro-
chemical double-layer capacitors. By exploring novel formu-
lations based on sodium chloride with glycerol or ethylene
glycol, we demonstrated the feasibility of designing electrolytes
that balance environmental benefits with desirable and
tunable electrochemical properties. To make this electrolyte a
starting point for the design of new eco-friendly electrolytes, a
thorough spectroscopic characterization has been conducted.
The interplay between Raman and FTIR spectroscopy in the
FIR range revealed that the structural conformations of gly-
cerol, as well as its chemical surrounding (i.e., intermolecular
hydrogen bonds), play a pivotal role in defining the eutectic

This journal is © The Royal Society of Chemistry 2025
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behavior and subsequent performance of the electrolytes. The
reorganization induced by sodium chloride affects not only the
spectroscopic properties (for which a more thorough investi-
gation is currently undergoing in our team) but, more impor-
tantly, the transport and electrochemical properties of the mix-
tures. This is further evidenced by the superior ionicity and
electrochemical stability of DES and DES-like mixtures com-
pared to ethylene glycol-based salt-in-solvent counterparts.
Among the tested glycerol mixtures, NaCI-Gly 1: 10 stands out
as a promising DES, exhibiting a lower viscosity (1019 mPa s),
higher ionic conductivity (0.186 mS cm™) and a working
voltage comparable to commercial EDCLs’ one (up to 2.6 V).
These findings underscore the potential of glycerol-based deep
eutectic solvents as eco-friendly alternatives to commercial
electrolytes, paving the way for further advancements in sus-
tainable electrochemical energy storage.
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