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ARTICLE INFO ABSTRACT
Keywords: Sustainable technology in energy-related applications will be crucial in the coming decades. As a
Deep eutectic solvents result, developing new materials for existing processes has presently arisen as a major research

Zinc-air batteries priority. Recently, Deep eutectic solvents (DESs) have been expected as low-cost task-specific

solvents for zinc-air batteries (ZABs). Here in, initially the various preparation methods of DESs
their detection strategies, and the fundamental characteristics of DESs are summarized. Then, the
recent utilization of DESs on ZABs has been reviewed. After that, the chemical and physical
characteristics of DESs including phase behavior, viscosity, density, ionic conductivity, refractive
index, pH, surface tension and stability have been studied. Lastly, the challenges, limitations, and
possible upcoming research fields of DESs for ZABs were discussed.

Detection strategies
Stability

1. Introduction

Recent advancements in batteries have fascinated significant attention owing to their safe and environmentally friendly electrical
energy storage capabilities [1]. Researchers are increasingly focused on developing a low-cost, safe, and clean energy storage systems,
particularly metal-air batteries, as they provide numerous advantages [2]. These include high theoretical energy density, stable
discharge voltages, long shelf life, environmental friendliness, high capacity, and low cost [1]. Various metal batteries for instance
lead-acid batteries, nickel metal hydride (Ni-MH) batteries, and lithium-ion batteries (LIB) have already been commercialized.
Nevertheless, they are still expensive [2,3]. Furthermore, there are concerns about raw material supply, safety issues, and hazards [4].
Hence, a battery system that satisfies both environmental and economic conditions is needed. Rechargeable zinc-air batteries (RZABs)
have recently been explored due to their environmental friendliness, vast reserves, inherent safety, and attractiveness for large-scale
energy storage systems [5,6]. To date, aqueous-based RZABs have dominated the market. However, problems with zinc (Zn) electrode
passivation, hydrogen evolution, and dendrite development restrict their practical application [7]. To overcome these issues, RZABs
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using non-aqueous electrolytes with high reversibility of Zn deposition and dissolution and voltage window with large operating have
been used [8]. Moreover, to decrease the RZAB matters related to aqueous alkaline electrolytes, researchers have shown an interest in
discovering substitute non-aqueous electrolyte systems [9]. Recently, deep eutectic solvents (DESs) (i.e., non-aqueous electrolytes) as
electrolytes for RZABs have been extensively investigated as they possess good air and moisture stability, low cost, low toxicity, simple
preparation approach, nonvolatility, high electrochemical and thermal stability [10,11]. Numerous works have been studied on DESs
for different industrial uses, including nanomaterials fabrication for energy storage applications [12], electrochemical energy storage
and conversion technology in batteries electrolytes [13], supercapacitors technologies [14], fuel cells hierarchical carbon electrodes
[15], solar energy applications [16], the preparation of energy storage functional materials [17], and in analytical extraction tech-
niques [18]. For instance, Kheawhom et al. showed a stable biocompatible, and cost-effective ZnCl./ChCl/urea DES electrolyte [2].
Their results indicated that no dendrites formed on the Zn metal surface, demonstrating highly reversible stripping and plating
characteristics [19]. Furthermore, in redox flow batteries, eutectic electrolytes are also used as media for redox reactions to solubilize
redox-active systems [20]. The eutectic electrolytes show numerous advantages, such as non-flammability, low volatility, and simpler
synthesis than traditional organic solvents, and the redox-active systems undesirable solubility compromises the energy density of cell.
These eutectic electrolytes offer several advantages, including non-flammability, low volatility, and simpler synthesis compared to
conventional organic solvents. However, the redox-active systems undesirable solubility can compromise the cell energy density. Here
in, we first review the mechanisms of electrolyte formation and their physicochemical properties [21]. Next, we highlighted the
applications of eutectic electrolytes in ZABs and discussed the relations between their physicochemical characteristics, such as co-
ordination environment, conductivity (ionic), concentration, viscosity, and the use of redox-active systems (materials). We then
explained how eutectic electrolytes form specific electrode/electrolyte interfaces that enlarge the window of electrochemical while
simultaneously inhibiting the metal dendrites growth in metal-based batteries. Finally, we concluded with a discussion on the findings
and future prospects.
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Fig. 1. (a) The choline chloride and urea (i.e. starting materials) are solids with high-melting points. Then when they mixed together created a
liquid at room temperature. Reproduced with permission from Ref. [22] (b) b) Diagram representation of the comparison of equilibrium phase
illustration of solid-liquid mixture of urea and choline chloride (Reline DES). Reproduced with permission from Ref. [23] (¢) The mechanisms for the
formation of eutectic electrolytes. Reproduced with permission from Ref. [10].
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2. Overview of DESs

DESs, when combined with ionic liquids (ILs), are taken as green solvents [11]. They have got attention after a study by Abbott et
al. that observed a deep melting point depression at the eutectic composition of hydrogen bond acceptors (HBAs) and hydrogen bond
donors (HBDs) [22]. For instance, the mixture of urea/ChCl (2:1 mol ratio) attains a melting point of 12 °C which is much smaller than
the melting point of the urea (133 °C) and ChCl (302 °C) making the liquid to be employed as room temperature solvent (Fig. 1a) [22].
Martins et al. also explained DES as the two or more pure compounds mixture in which the temperature of eutectic point is lower than
an ideal liquid mixture and it shows a negative deviation from ideality [11]. The temperature depression is explained as the tem-
perature difference (AT;) between the ideal temperature and the deep eutectic point (Fig. 1b). It also refers to the temperature range
where the mixture remains liquid (e.g., between compositions x; and x3). Wu et al. further employed DES systems as a eutectic
combination of Brgnsted or Lewis bases and acids that comprise a variety of cationic/anionic species (Fig. 1c) [10].

The conventional classifications of DESs are: 1) Type I: comprises a metal chloride and ammonium salt (quaternary), 2) Type II:
contains a metal chloride (hydrate) and ammonium salt (quaternary), 3) Type III: combines HBD (e.g., a polyol, carboxylic acid, or an
amide) and a ammonium salt (quaternary), 4) Type IV: involving HBD and a metal chloride hydrate [24], and 5) Type V: consists of
HBDs, molecular HBAs and nonionic components [11]. Fig. 2 shows the various HBDs employed for DESs application [24].

3. The DES preparation approaches
A chemical compound is created by one or more reactions between two or more reactants, which result in the creation of a product.
The synthesis methods of DESs are a simple mixing of HBD and HBA components. Hence, DESs are not synthesized instead they are

prepared by mixing and they don’t involve any chemical reaction [23]. Fig. 3 Summarizes the various DES preparation approaches
[45].

3.1. Heating and stirring methods

DESs can be prepared using a simple heating and stirring approach. Hence, DES preparation is a simple, cost-effective,
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preparation
method

Fig. 3. Schematic representation of DES preparation methods.

environmentally compatible, and no-waste or by-product formation approach [7,25]. Different reports have used temperature values
ranging from as small as ambient temperature to as large as 130 °C for up to a few hours based on the boiling point, stability, and
melting point of the reagents [26]. However, some restrictions have to be taken into account before using these approaches in the DES
preparation. Gurkan et al. showed the formation of crystals when HBA (i.e. [Ch*][Cl™]) was blended with ethylene glycol (EG) [27].
The crystal formation is obtained at very low temperatures and/or very short heating and stirring times [27]. Rodriguez et al. also
showed that employing high temperatures for a long time leads to decomposition and by-product formation [28]. Hence, for DES
preparation, knowing the appropriate stirring time and temperature is vital to attain the appropriate homogenization of the entire
components (Table 1) [27].

3.2. Freeze-drying approach

It involves the addition of HBD and HBA in stoichiometric amounts and then distilled water dilution to attain about a 5 % aqueous
solution (frozen at 77 K or 253 K, i.e., very low temperature), followed by lyophilization freeze-dried to attain a clear viscous liquid
[39,40]. The freeze-drying approach permits the organic self-assembly incorporation of microorganisms, big unilamellar vesicles of
liposomes, and polymers based on proteins in DESs [40]. The water presence is important for the liposome formation. The direct
mixing of neat DESs with an aqueous solution of liposomes can lead to a solution (aqueous) of both DES components. Moreover, the
freeze-drying approach permits the integration of vesicles and micelles in DESs, that can act as capsules and nanoreactors, and leads to
the applications of DESs in pharmaceutical and biological areas [39].

3.3. Vacuum evaporation approach

In this approach, the HBD and HBA are liquefied in water, and then the water evaporates by at 50 °C (rotary evaporation) to

Table 1

The various DESs and their components that have been prepared using a heating preparation approach.
Year DES Preparation method Ref.
2020 Ethylammonium chloride/glycerol/ZnCl, Direct mixing and then stirring at 70 °C [29]
2020 Zn (Cl04),.6H,0/succinonitrile Direct mixing followed by stirring (80 °C) [30]
2020 Lithium salt/amide-based DES Direct mixing and then stirring at 100 °C [31]
2021 LiClO4/Urea Direct mixing and then string at 60 °C for 2 h [32]
2021 Zinc triflate/EG Direct mixing and then stirring at 60 °C [33]
2022 Choline chloride/urea Direct mixing after that stirring at 80 °C [34]
2023 Zn (NO3),.6H0/glycerol Direct mixing and then stirring (90 °C) [5]
2023 ZnCl2/urea Direct mixing followed by stirring at 70 °C [35]
2024 Zn (NO3),.6H,0/EG Direct mixing and then stirring (90 °C) [36]
2024 Zn (NO3),.6H0/urea/EG Direct mixing and then stirring (90 °C) [37]
2024 ChCI/EG Direct mixing after that stirring at 80 °C [38]
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produce the DES [41-43]. Dai et al. used this method for the formulation of natural DESs [43]. Natural DESs comprise of natural
compounds, specifically metabolites (primary) like sugars, amino acids and organic acids [44]. The liquid obtained after evaporating
the water is then dried out inside a desiccator that contains a silica gel till a constant weight is attained [42]. This approach employs a
comparatively smaller temperature in comparison with the stirring and heating approach. Moreover, the vacuum evaporation
approach is appropriate for the synthesis of natural DES as utmost natural compounds employed in their synthesis attain high melting
point values [43] and the constituents should be soluble in water to use this approach.

3.4. Grinding method

Florindo et al. used the grinding approach to make DESs without the employ of heat, as presented in Fig. 4 [45]. This approach
comprises the mixing of HBD and HBA components followed by grinding with mortar and pestle at ambient temperature until a
mixture (homogenous) was attained [45,46]. Then, for moisture removal, the HBA [Ch*] [Cl7] is initially dried in a vacuum oven for
two days at 40 °C and followed by maintaining under high vacuum in a Schlenk for about 4 days because of its hygroscopic char-
acteristics. The grinding approach was compared with the heating/stirring approach and used to analyze the DES purity [45].

3.5. Twin screw extrusion approach

The twin-screw extruder (TSE) mechanochemical preparation by grinding two or more solid reagents together has been used to
eliminate/reduce the use of toxic substances and hazardous materials in material processing and chemical synthesis [47]. Crawford
et al. employed this technique for large-scale synthesis of DESs to settle out the limitations of the heating/stirring approach [48]. The
DES is synthesized by preheating the entire sections of TSE and then adding mixing the HBD and HBA (i.e. stoichiometric ratios) into a
feed port. The TSE approach is important as it is easily scalable and allows high throughput production, an effective and continuous
route for DES synthesis, owns short heat exposure times, no thermal degradation, and a simple collection of exceedingly viscous DESs
inside the containers. In general, this approach overcomes the problems in moving the end product from the reactor to final storage
vessels frequently met by other synthesis approaches [48].

3.6. Microwave irradiation approach

Gomez et al. studied the microwave-aided synthesis of DESs [49]. This approach reduces the energy cost and time of DES synthesis
and creates an exceedingly eco-friendly synthesis method [50,51]. In this approach, a mixture of HBD/HBA was put in a vial of 20 mL,
followed by irradiation with a microwave for about 20 s. This approach decreases the time of preparation from many hrs. to about 20 s
and needs 650 times less energy than the heating and stirring approach [49]. This technique is generally a cheaper, greener, faster, and
easier route for the preparation of DESs than conventional methods [50]. However, the combinations of HBD and HBA have to be
judiciously nominated and heating time and power (i.e., experimental factors) must be optimized carefully to avoid side reactions.

3.7. Ultrasound-assisted preparation

Ultrasonic waves can also be used in the synthesis of DESs [52,53]. In this approach, HBD and HBA in stoichiometric amounts were
mixed in a vial of glass. Then the vial was sealed and put for 1-5 h inside an ultrasonic bath, and depending on the DES constituents, the
temperature is controlled from ambient temperature to 60 °C. After that, the prepared DESs were placed for about 24 h in a similar vial
at room temperature to confirm the creation of a homogenous mixture. The prepared DESs using this approach are not prone to
crystallization and are stable over time, even after many days [53]. Furthermore, similar physicochemical properties like viscosity,

Fig. 4. Schematic representation of DES preparation using the grinding method. Reproduced with permission from Ref. [45].
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FT-IR spectra, decomposition temperature, and density have been detected in DESs obtained by both ultrasonic aides and heating/-
stirring approaches [50].

4. Physicochemical properties
4.1. Freezing point/melting point

The DESs freezing points are usually smaller than the individual components. For instance, the freezing point of Urea/ChCl (2:1)
equals 12 °C noticeably smaller than the melting point of that of urea (133 OC) and ChCl (302 °C) [22]. The ratio (molar) of salt: HBD
influences the DESs freezing points. Nevertheless, there is no clear correlation between the DESs freezing points and melting points of
individual units. Smith et al. reported that the DES freezing point influenced by the magnitude of the interactions of HBD and halide
ions, energy (lattice) of DES, and changes in entropy [54]. DESs having melting points under 50 °C are more attractive even though all
DESs studied have freezing points under 150 °C [55]. The freezing point of DES depends on the hydrogen bonding (interaction
strength) of the HBD with organic salt anion. The DES together with urea that formed from the salt of choline has a freezing point
increasing in the order of BF; < CI” < NO3 < F~. NMR spectra showed the occurrence of hydrogen bonding inside the eutectic
mixtures [56].

4.2. Density

It is a vital characteristic for knowing the miscibility and solvent diffusion of DESs [57]. In general, a specific gravity meter is used
to determine the density of DESs [58]. The density of ZnCl,-acetamide (1: 4) DES is 1.63 g/ em® while the density of ZnCly-urea (1:3.5)
DES is 1.36 g/cm®. This density difference could be ascribed to the packing of the DES and different molecular organizations. The
densities of both DESs are larger than the pure HDBs i.e., urea: 1.32 g/cm® acetamide: 1.16 g/cm®. This can be explained with the
theory of hole that employs the empty holes or vacancies DESs and their size determines their density [59]. The hole theory clarifies the
enhanced density of DES by a reduction of the radius of the hole (average) by mixing two constituents [55].

4.3. Viscosity

The small value of viscosity is important in electrochemical systems in DESs because it offers the ionic species free mobility owing
to the creation of hydrogen bonds (weak intermolecular) between compounds of HBA/HBDs [5,60]. The large value of viscosity for
DESs is frequently ascribed to the occurrence of an extensive hydrogen bonds (network) between HBA and HBD constituents and
results in a free species with lower mobility within the DES [5]. The tiny void volume and big ion size of most DESs along with van der
Waals or electrostatic interactions can contribute to the large viscosity value of DES. The formulation of DESs with low viscosity values
is extremely desirable due to their possible employment as green media. In general, eutectic mixture viscosities are chiefly influenced
by the DES components’ chemical nature such as the type of HBDs and the ammonium salts, HBD molar ratio/organic salt, water
content, and the temperature [25]. The viscosity of DES is additionally influenced by the free volume and the hole theory can also be
employed to design low viscosities DESs. For example, the employment of hydrogen-bond donors (fluorinated) or small cations can
lead to the creation of low-viscosity DES [61].

4.4. Ionic conductivity (o)

It is a notable transport characteristic of DESs in the use of electrochemicals (e.g., electrolytes for redox-flow batteries) [11]. The 5 is
influenced by temperature, viscosity, ion mobility and charge carriers (concentration) [5]. It is also strongly correlated with viscosity i.
e. the viscosity value increases as the ¢ decreases. Most DESs possess poor ¢ (<2 mS/cm), due to the relatively high viscosity values
which may create a problem for some electrochemical applications [62]. DESs with low-viscosity possess large o values because of the
ionic species’ free mobility as the hole mobility is enhanced. For instance, the lower viscosity value of ammonium-based DESs pos-
sesses a higher ¢ than phosphonium-based DESs [63,64]. In addition, the free volume of DESs can be enlarged by decreasing the size of
the ions which can lead to a reduction in the viscosity values and a rise in the ¢ values [11]. The ammonium-based DESs with smaller
sizes possessed a higher ¢ than the phosphonium-based DES, resulting in suitable electrolytes and solvents in electrolysis [64]. The
relationship among temperature, viscosity and ¢ can be governed by the Walden rule. However, as these ¢ values depend on tem-
perature, the ¢ can be forecasted by considering Arrhenius-type behavior. Abbott et al. reported o of the ChCl-urea DES for the
first-time measurement and revealed that o significantly enhanced with increasing temperature [22]. Ghareh Bagh et al. also studied
the o profiles of sixteen DESs and saw a reliable tendency of increasing ¢ with temperature, which might be ascribed to the migration
rate and higher kinetic energy of the molecules at the elevated temperature [65]. Moreover, Zhang et al. presented the increase in ¢ of
DESs with increasing concentrations of salt (e.g., EG-ChC]) [66]. However, this property is not working for all DESs, as the ¢ change is
dependent on both the nature of salt and HBD nature (e.g., tetrabutylammonium chloride (TBAC)-EG mixture) [57,60,67].

4.5. Surface tension

It is a measure of the energy needed to enhance the material’s surface area. It is connected to the material tendency of a to possess
the minimum possible surface area [58]. It is exceedingly reliant on the intermolecular force strengths between the salt and HBDs.
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DESs with highly viscous are fluids with large surface tension [11]. The hydroxyl groups available in the cation result in a higher
surface tension due to the hydrogen-bonding. The results of tetra propyl and tetra butyl ammonium DESs indicate that the increase in
the cation alkyl chain length results in a higher surface tension [60]. According to Equation (1), the surface tensions linearly reduce
with an increase in temperature and decrease with the increase in mole fraction of salt due to the weakening of the hydrogen bond in
the HBD network by mixing [58], [68]. Many methods like the Wilhelmy plate [69], Du Nouy ring [70], and pendant drop [71] can be
employed to measure the surface tension.

y=a+b (T). Equation 1
where T (K) is the temperature, a and b are constants, and y (mNm ™) is the surface tension.
4.6. Refractive index (n)

It is a unitless material property that measures the changes in the speed of light as it crosses in a medium (v) in connection to the
speed of light in a vacuum (c) and according to Snell’s law, it can be related as in equation (2) [11]. It can also be employed to measure
the molecule’s electronic polarizability and can offer valuable information in studying the molecular forces or solution behavior [45].

n= 5 equation 2

At several molar ratios (1:1.5, 2:1, and 3:1), the refractive indices of glycerol and ChCl were studied as a function of temperature.
Kucan et al. discovered that the eutectic ratio had the greatest refractive index between 15 and 55 °C [11]. Another study by
Hong-Zhen et al. showed the dependence of refractive index on the kind of HBD in DES by studying many DESs with varying amounts
of HBDs in the same amount of HBA (i.e. tetrabutylammonium chloride (TBAC)) [72]. Amongst the HBDs studied, a DES made of
phenylacetic acid (PAA) and TBAC with a molar ratio of 2:1 possessed the largest refractive index than propionic acid (PA) and TBAC
with a molar ratio of 2: 1. A phenyl versus methyl group adhered to the carboxylic acid in the structure of HBD separates the two DESs
composed of PAA and PA HBDs. The trend of refractive index, which was supported by the measurement of viscosity in a related study,
indicated a greater degree of association of bulkier PAA with other molecules of PAA. The n can also be used to look into a DES’s
electrical properties. The experimental n values for betaine and L-proline-based DES were employed to determine the molar refrac-
tivity (Equation (3)) by Sanchez et al. [73]. They showed that the molar refractivity was discovered to be dependent on the
composition and fraction (molar) of HBD and independent of temperature.

Rue ((n3-1)) / ((nd+1))V. Equation 3

Therefore, the DES n can be an important tool in supplementing the measurements of physical characteristics as an additional
support to the formation of hydrogen bonds.

4.7. Stability

DESs possess good thermal and chemical stability and they are not combustible [60]. Thermogravimetric analysis techniques are
employed to study DES’s thermal stability [74]. The DESs with higher decomposition temperatures indicate good stability DES and can
be used at higher temperatures [75]. The DES stability depends on the molar ratio, heating time, composition, number of HBA/HBD
groups as well as the functional groups and spatial structure. DESs that possess a structure with a high carboxyl (-COOH) group are
more stable [25]. The formation and stability of hydrogen bonds can be determined by their three-dimensional structure and the
amount of hydrogen bond groups [75].

4.8. pH

It is a scale used to quantify the solution acidity. It is also a vital component in the creation of DESs. As previously mentioned, DESs
can be defined as a system that is built up with group of Lewis bases and acids, with the pH of the system being a crucial factor [10]. The
pH values are determined by the relative acidity of the joint anionic/cationic species. A mixture’s acidity plays a key role in deter-
mining the other characteristics of the system and will be crucial in future industrial applications. Because of worries about the kinetics
of chemical reactions and corrosion, the pH is significant when choosing piping material in industrial processes [11]. A report of pH
values in a series of DES mixture tests of D-glucose with ChCl at various molar concentrations was conducted by Hayyan et al. [76].
They observed a pH value of 7 (neutral mixture) in 25-45 °C temperature range, showing the possibility of using this mixture at the
industrial scale. Nevertheless, in the temperature ranges of 25-85 °C, a small dependence of pH (linear) with enhancing temperature
was detected. This type of behavior of linear reduction in pH with an enhancement in temperature was observed by Skulcova et al.
[77]. This kind of relationship held for mixtures of various DES and observed a substantial difference in the values of pH depending on
the HBD employed.
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5. Detection strategies
5.1. Fourier transform infrared spectroscopy (FTIR)

It is an approach employed to study the various molecular structures using infrared spectrum emissions of samples over a long
range of wavelengths [5,11,78]. FTIR is an important device for obtaining accurate data on DES compound structure. It is one of the
first methods that has been used to detect what might be available in the sample. FTIR is a crucial method for identifying potential
contaminants in a material. Nonetheless, its primary use is to detect the change in molecular structures and make necessary adjust-
ments when each component of DES is combined at varying concentrations. For example, FTIR was employed to determine the solvent
formation structure of DES from citric acid and ChCl. Additionally, Ibrahim et al. studied the structures of DES from EG and different
salts using FTIR to determine whether any new functional groups were present in the DES structures [58]. Additionally, FTIR was
employed to study the existence of eutectic mixes between choline and other compounds and to explain the structural alterations
present in the DESs at different temperatures [78].

5.2. Raman spectroscopy (RS)

It is employed to check the vibrations and molecular rotations in a system and other low-frequency modes as well [58]. It functions
by transmitting monochromatic light over a sample and detecting the transitions between elastic/inelastic scattering at specific
wavelengths. This allows for the identification of various compounds. It is utilized to ascertain what is contained in the DES sample,
how it is contained, and how to use it to take advantage of different approaches [78]. Because of these properties, RS is often employed
in conjunction with FTIR, and Nuclear magnetic resonance spectroscopy to approve the purity and composition of the studied sub-
stances [79].

5.3. Thermogravimetric analysis (TGA)

It is used to examine the mass change (physical) versus time/temperature. It allows some chemical and physical characteristics to
be inferred [80]. However, as physical properties and thermal behavior are frequently closely correlated, it can also detect marked
changes and deviations in property due to phase change [78]. This technique is often applied in determining the change in charac-
teristics because of thermal events like desorption, absorption, vaporization, decomposition, reduction sublimation, and, oxidation
[11].

5.4. Differential scanning calorimetry (DSC)

It is a thermo-analytical method that helps in knowing the heat needed to get the detected change in temperature a sample. It is also
important in scrutinizing heat (latent) through transformation events like phase changes/glass transitions [58]. This method is usually
employed in identifying enthalpies of formation and fusion, thermal stability, melting points, and heat capacity data for both pure
constituents and mixtures of DESs [78]. DSC can capture phase change events and is a useful tool in detecting anomalous charac-
teristics in DES. Morrison et al. obtained a DSC curve for ChCl to malonic acid with a 1:1 M ratio and exhibited no peaks related to
glass-transition, melting, or crystallization instead they demonstrated a baseline shift ascribed to the inability of DES to nucleate [81,
82]. However, Francisco et al. presented numerous natural DES that showed only glass transitions [83].
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5.5. Nuclear magnetic resonance spectroscopy (NMR)

The NMR analysis is used to study the structural/compositional study in DES [84]. The NMR helps in verifying/quantifying what
exists in materials before doing other analytical methods and allows to make decisions using the evidence of subtle shifts, water
content, and impurities in functional groups [85]. Therefore, NMR is a great tool to obtain a baseline in understanding what functional
groups are available and how they interact and rearrange within a structure. The NMR helps in studying composition and transport
phenomena analysis in DES but labeling molecular level may be needed to attain discovery of a nucleus [11]. For instance, 1. Delso
et al. studied numerous NMR spectroscopic methods to determine the structure (molecular) of the ternary DESs made of urea (U),
choline chloride (ChCl), or EG or glycerol (Gly), and/or water (W), as presented in Fig. 5a and b [84].

5.6. Fluorescence spectroscopy (FS)

It is multi-dimensional and many parameters characterize polarization in steady-state emission and excitation wavelengths,
quantum yield, anisotropy, rotational reorientation time, and excited-state lifetime [86]. It is a vital tool for studying the structure,
micro environmental polarity, solvation, and interactions within DESs. Pandey and co-workers studied the region of cybotactic that
surrounds solvato chromic fluorescent probes and the local micro-environment that dissolved in DESs. The Pandey group, in their first
contribution, studied the polarity in ethaline, reline, glyceline and maloline with a 2:1 M ratio of malonic acid: ChCl based on a suite of
the sensitive polarity fluorescent reporters (pyrene-1-carboxaldehyde, p-toluidinyl-6-naphthalenesulfonate, pyrene, 1-anilino-naph-
thalenesulfonate, 6-propionyl (dimethylaminonaphthalene), coumarin 153 and Nile Red) [87]. Pandey and co-workers in their sub-
sequent work studied cosolvent effects such as tetra- EG Ref. [88], water [89], solute (e.g, LiCl [90], 2, 2, 2-trifluoroethanol and
hexamethyl phosphoramide [91], or modification on DES systems.

5.7. Broadband dielectric spectroscopy (BDS)

It is a multipurpose method for studying the ionic and dipolar dynamics by the material polarization response at the applied
oscillating electric field [92]. The information that obtains from BDS can permit in correlation of microscopic mechanisms to
macroscopic physical characteristics like ionic conductivity, viscosity, surface tension, and eutectic composition that are essential in
more general framework development for understanding DES systems [11,93].

5.8. Cyclic voltammetry measurements (CV)

It is the widely employed approach for getting qualitative data about the electrochemical characteristics of DES solvents [94]. It
gives a redox potential rapid location of the electroactive species. In a CV analysis, a time-varying potential is applied continuously to
the working electrode [5]. Initially, the potential sweep is done in one direction, and then inverted, and the cycle can be repeated many
times. The decrease or increases in potential values in reduction or oxidation reactions that may happen at the material surface are
studied and result in faradaic currents that appear as reduction or oxidation peaks on the voltammogram [94]. The faradaic current
depends on the active species mass transfer and the kinetics movement [11]. Moreover, a capacitive current can be detected as a result
of the possible adsorption of chemical species and double-layer charging of the electrochemically active surface [95]. In general, the
various DES characterization approaches are summarized and presented in Fig. 6 [11,45,78,96].
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Fig. 6. Schematic representation of the various DES characterization approaches. Modified from Refs. [11,45,78,96].
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6. Computational studies
6.1. Simulation and modeling

Computational approaches were recognized as a strong tool for analyzing systems of liquid (complex) even before curiosity in DESs
attained popularity [97]. The simulation approaches were first employed for ILs by Hanke et al. in 2001 to minimize the energy and to
replicate crystal structures using molecular dynamics and they performed simple methyl alkyl imidazolium salt structure analyses
[98]. Rimsza et al. performed many DES-explicit simulations in 2012 that emphasized on optimization of energy for complexes of
copper in reline [99], and then Sun et al. studied structural characteristics of reline later [100]. Introducing the computational ap-
proaches to the DES system allows cautious attention of the subtle variation that distinguishes the two sets, and needs various con-
siderations and assumptions to be considered. Knowing what causes the sole characteristics of DESs is a complicated problem that is
exclusively challenging to highlight and model the interest in considering DESs and ILs separately. This allows the existing compu-
tational approaches to be well matched to tackling these central problems and the majority of complications originate from the variety
of DESs that may be employed; the variation of constituents forms a multiplicity of problems for simulation to address for the 4 classes
of DESs [59], complex and varied hydrogen bond networks [101], mixed neutral and ionic species slow/glassy system dynamics and
varying hydration effects [102].

6.2. Ab initio methods

To study the depression of the melting point at the DES eutectic composition important computational efforts have been done along
with conventional experimental approaches. A core idea in DES is that the neutral species acts as the minor anionic classes complexing
agent based on equation [A]™ + xB = [A(B)x] ™ in which the charge (negative) is delocalized from the anion [11,101]. Delocalization
of charge via the network of hydrogen bonds is considered to exist in the de facto decisions regarding the behavior of DESs. It is also one
of the parameters accountable for the smaller DESs melting temperatures. Using ab initio simulations, the main emphasis of
computational studies was on electronic conformations and energy minimization of the DES species.

Ab initio simulation: To estimate the essential characteristics of molecules, like conformational energies and electron cloud
shapes, one must repeatedly solve the electronic Schrodinger equation. Using this method, Zahn et al. investigated a reline to confirm
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the minimal charge transfer amid the donor (hydrogen bond) molecule and the chloride ion. In reline, the donating cation of choline
and the anion of chloride mainly maintain a close relationship [103]. The prevalent idea states that the anion of chloride split fully in
the DES, which is not supported by this data. The advantage of “esoteric” hydrogen bonds was demonstrated by Hunt et al. in their
report on ab initio studies. They also showed that the implicit of a neutral H-bonds network assumptions may not be true, and the
simulations revealed that doubly ionic (ionic) hydrogen bonds were common in the systems under study [104]. Analogous in-
vestigations by ab initio approaches to predict the optimal geometries of urea dimers, EG dimers, ChCl, and malonic acid dimers were
reported by Wagle et al. [105].

6.3. Machine learning

The machine learning basic principle is to employ algorithms to analyze and learn from data, and then to make predictions and
decisions about the events in the real world [92]. Algorithms-based applications (research) have become progressively pervasive and
extremely entrenched constituents of current knowledge, and machine learning has contributed important advances in different areas
[106,107]. Itis also a known new approach that leverages large data sets and computational power to attain notable results without the
large cost of Ab initio molecular dynamics simulation [11]. For instance, by considering DES the future research works can be taken
from two viewpoints: (1) In machine learning (basic research) would be employed to discover the structure of DESs in networks of
hydrogen-bonding and to design novel DESs created using several non-covalent interactions of chalcogen bonding and halogen; (2) in
application research the solvent systems would be designed based on the characteristic behaviors required for practical application
[105]. Models-based machine learning can correct some of the challenges that plague several common approximations in conventional
computing [96]. Moreover, the electron-density-based solution and molecular dynamics studies offer novel means of discovering
binary fluids [96,105,108,109].

Fig. 8. Diagram representation of Zn>* solvation structures in succinonitrile and aqueous-based Zn electrolytes (a). SEM images for Zn metal coated
on the collector (stainless-steel) in succinonitrile (b) and H>0/Zn(ClO4)2-6H>0 electrolytes (c). Reproduced in permission from Ref. [112].
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7. Advances in DESs for ZABs

Currently, DESs have been broadly investigated for Zn batteries electrolytes due to their low toxicity, high stability in the moisture
and air, high water-miscibility, low cost, and reversible and stable Zn stripping/plating with in cycling life improvement than the
routine aqueous electrolytes [110]. A biocompatible, low-cost, and stable DES formed from ChCl/urea/ZnCl; for electrolyte was
proposed by Kheawhom et al. [2]. They found that no dendrites were formed on the Zn metal surface showing the highly reversible
stripping/plating property. Thorat et al. [111], also investigated the stability (reversibility) of Zn in the EG/ZnCl, DES electrolyte
employing a Zn/Zn cell (symmetric) and the electrodes of Zn used as both negative and positive electrodes under galvanostatic sit-
uations. They indicated that the anode (Zn metal) with excellent performance was further confirmed through long-lasting cycling at
various current densities, as presented in Fig. 7A. The cell (symmetric) functions steadily over 300 h (>180 cycles) and 0.25 mAh cm ™2,
showing the large Zn anode reversibility. The curve (polarization) continued stable throughout the whole cycle process. In contrast, a
gradual enhancement in overpotential values was detected for Zn/Zn (symmetric cells) cycled at about 0.25 mAh cm™2 in the
traditional aqueous ZnSOy electrolyte. Zn stripping/plating would only be cycled at 0.25 mAh cm ™2 for about 90 h in the aqueous
ZnS04 electrolyte, as indicated in Fig. 7B. They opened the Zn/Zn cell with both ZnS04/EG/H>0 and aqueous ZnSO4 electrolytes at 0.2
mAh cm~2 and 50 cycles and obtained the Zn foil had black spots that could further grow and lead to death of the cell (Fig. 7D). On the
other hand, the cell-cycled electrolyte of EG/ZnCl; showed no such spots (black) that indicate the high stability of the Zn anode in the
EG/ZnCl; electrolyte. Hence, the Zn/Zn cell (symmetric) possessed very large stability for about 200 h with an overpotential value
below 200 mV and at a large current density value of 1 mAh em ™2 (Fig. 7C).

The new group of the Zn electrolytes (hydrated eutectic) with an accurate level of hydration was made for battery (Zn-organic) by
simple mixing of a neutral ligand of succinonitrile and a cheap hydrated salt (Zn(ClO4),-6H20) by Yang et al. [112]. Here, the Lewis
basic succinonitrile participates in Zn" ions’ primary solvation shell with the creation of [Zn(OHz)X(SN)y]2+ (ie. a complex of
hydration-deficient cations). The molecules of water substituted by succinonitrile are bonded through succinonitrile in Zn?* cations
outer solvation shell and can contribute to the creation of the eutectic structure (hydrated), as presented in Fig. 8a. The SEM pictures
showed that the Zn electrolyte allows Zn stripping/plating of dendrite-free system (Fig. 8b) while the Zn metal deposited on the
stainless-steel surface is uneven with several holes and humps when aqueous electrolyte with HyO/Zn(ClO4)2-6H20 was used (Fig. 8c).

The plating/stripping characteristic of the electrolytes the Zn|Zn cell (symmetric) with zinc triflate (Zn(OTf)3) in water and EG with
the optical picture of the separator (bottom) and Zn foil (top) and the micrograph SEM of the Zn foils with Zn(OTf), salt in water and
EG was presented by Verma et al. [113]. They showed that 1 h deposition intervals (i.e. 0.5 mAh/cm? per half cycle) and current
density of 0.5 mA/cm?, the Zn(OTf)2/EG system would cycle for more than 600 h, or about 2.4 times longer than the system of Zn
(OTf)y/water (Fig. 9a). The overpotential of EG-based electrolytes is bigger than the water counterparts. However, the profiles of
overpotential in the EG-based electrolytes remain smooth without large variations. On the contrary, the electrolytes based on water
indicated exceedingly high overpotentials, and the reduced overpotentials to nearly zero showed a short-circuiting (Fig. 9a) [114].
Moreover, also analyzed the optical image of the separator and the Zn foil for Zn(OTf),/EG electrolyte was analyzed by Verma et al.
(Fig. 9b). The SEM picture of Zn foil indicates that the deposition happens with morphology of granular structures (Fig. 9b). In contrast,
the optical image of the cell cycle in water/Zn(OTf), electrolyte indicates that Zn dendrites are growing and can even pierce the
separator, as presented in Fig. 9c. The SEM picture of the Zn foil indicates that a platelike morphology rises on the Zn foil. The
electrolytes based on EG alleviate the difficulties encountered in electrolytes based on water by decreasing the evolution of gas and
electrolyte decomposition during the plating/stripping at the Zn metal anode in the assembled rechargeable ZABs [113,115].
Furthermore, DESs have been used in electrochemical systems, and there is rising demand in their ionic properties. Using highly
conductive materials during electrolysis can reduce ohmic loss and cell voltage, resulting in larger efficiency of energy [116]. How-
ever, a significant limitation in the application of DESs both in electrochemistry and other research areas is their viscosity, which is
strongly correlated with conductivity, higher viscosity generally results in reduced conductivity [5]. The compositions DES that
display small viscosity, large o, and excellent stability (electrochemical) possess necessary properties (physicochemical) as electro-
lytes, which greatly determine the electrochemical performance of ZABs [117]. Moreover, for recycling of battery, the DES viscosity
has to be well controlled to enhance the efficiency (kinetics) [10].

8. Conclusion and outlooks

In summary, DESs have many unique advantages such as good stability in the moisture and air, low cost, low toxicity, nonvolatile,
easy to prepare, and higher electrochemical and thermal stability than other electrolyte systems. The DES electrolytes with high
concentration also enable the stabilization of interfaces of electrode and electrolytes which broadens electrochemical stability window
(ESW) and hinders the creation of dendrite in ZABs. DES electrolytes are created when only the intermolecular interactions between
constituents (i.e. HBD and HBA) are stronger than the individual constituents. One of the major problems in DES electrolytes is their
inferior ionic conductivities and high viscosities at ambient temperature. The pioneering DES materials with optimized interactions in
the intermolecular structure are exceedingly needed for the acceleration of ion migration by keeping the eutectic essence. For instance,
the pairs of HBD/HBA with different substituents, functionalities, and compositions have to be explored. The versatile functionalities
and types of DESs will open innovative paths for future environmental and energy applications and more theoretical and experimental
works are needed. Hence, the DESs are promising electrolytes for creating safe and cheap energy storage materials.

Moreover, to increase the recital of the DES for ZABs the following issues have to be considered.
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Fig. 9. The plating/stripping characteristics of the electrolytes in Zn|Zn cell (symmetric) with Zn(OTf), in water and EG (a). The optical pictures of
the separator (bottom) and Zn foil (top) and Zn foils SEM micrograph with salt of Zn(OTf), in EG (b) and water (c). Reproduced in permission
from Ref. [113].

(a) Optimization of viscosity: DESs are likely a predominant player in various industries despite their extremely high viscosities (a
crucial property shared with ILs) as viscosity is an essential transport characteristic (e.g species diffusion coefficients and elec-
trolyte conductivity in the DES). Hence, much attempt has been employed to decrease the viscosity of DES. Moreover, there also are
less comprehensive predictive models on DESs.

(b) Interphase chemistry: One of the most essential elements governing the rechargeable batteries cycling life is the surface
chemistry of solid electrolyte interphase (SEI). Despite their relatively high redox potential, eutectic electrolytes are advantageous
for Zn anode-related chemistry. For instance, a hybrid inorganic/organic SEI with rich in Zn fluoride-creates on the anode of Zn
from the interaction of eutectic electrolyte (e.g. Zinc (II) bis(trifluoromethanesulfonyl)imide (Zn(TFSI))-acetamide), indicating a
marked alter in the coordination of TFSI™ situation in the intrinsic network of ion-association in the current eutectic liquid. Overall,
in RZBs the interphase chemistry would be synergistically controlled through the structure of solvation with low energy of
dissociation and complex molecular structure with the interactions of H-bond in the eutectic electrolytes. This finally determine the
stability and composition of eutectic electrolyte and electrode interphases by the effects of eutectic on deposition sequence and
potential.

(c) Investigating the structure of DES: In-situ or ex-situ/operando characterizations as well as modeling (e.g. molecular dynamics
(MD)) and computing (e.g. Discrete Fourier Transform, (DFT)) are used to examine the geometries of coordination and eutectic
systems mechanisms at the molecular level. However, the specific qualities of DESs are a multidimensional challenge that is notably
difficult to understand, emphasizing the necessity to treat DESs independently from ILs. The present computational approaches are
employed to directly solve these main difficulties from the huge variety of potential DESs that would be prepared. This large variety
of parts makes a multiplicity of problems for simulation to solve that comprises a minimum of five DES classes, complex and varied
networks of hydrogen bonding, mixed neutral and ionic species, effects of varying hydration, and glassy/slow system dynamics.
Despite these issues, few papers on computational studies of DES have been published. In this environment, more profound insights
are required.

(d) Investigation of Supramolecular DESs (SUPRADESs): A new subclass of DESs with inclusion properties represents a recent
discovery that could significantly influence the advancement of green chemistry. SUPRADES, as described in the literature, are
composed of environmentally friendly components, and their physicochemical properties are comparable to those of conventional
DESs. Furthermore, their supramolecular structure allows for selective binding of diverse chemical substances, resulting in
significantly greater efficiency for numerous applications when compared to traditional DESs.
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