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ARTICLE INFO ABSTRACT

Keywords: Deep eutectic solvents (DESs) have attracted interest due to their unique and favorable electro-
Zinc nitrate hexahydrate salt chemical characteristics. This study reported a novel binary glycerol-zinc salt deep eutectic sol-
Glycerol

vents were prepared with a combination of hydrogen bond donor (glycerol (Gly)) and hydrogen
bond acceptor (Zinc nitrate hexahydrate (ZNH)) at different molar ratios of 1:2, 1:3, 1:4, 1:5, and
1:6. The various physicochemical properties including viscosity, refractivity index, conductivity,
thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR), cyclic vol-
tammetry (CV) and electrochemical impedance (EIS) were measured. The results showed that
among the various combinations tested, DES 1:2 resulted in a low viscosity value of 690, 500,
310, 220, and 160 mPa (mPa s) at shear rate (s ~1y values of 20, 30, 60, 100, and 200 respec-
tively. Moreover, DES 1:2 resulted in more electrochemically stable solvents with a lower
refractive index value of 1.446, and a higher conductivity (¢) of 4.41 mS/cm. The findings found
disclose the features, nature and of properties of prepared DESs as a potential solvents for
different electrochemical storage applications.

Deep eutectic solvent
Heating method
Rechargeable zinc air batteries

1. Introduction

The rapidly increasing environmental pollution and energy crisis have resulted in an urgent need for alternative green and
renewable energy resources including tidal, solar, and wind energy [1]. So far, there has been a demand for an efficient, dependable,
and safe energy storage method to improve energy conversion in power plants [2]. To date, batteries have fascinated great attention
because of their low cost, safety, charge storage efficiency, outstanding cyclic durability, design diversity, and clean electrical energy
storage systems [3,4]. Moreover, a rise in the degree of electrification in different uses such as electric vehicles, portable electronic
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devices and electric appliances attracted the use of batteries [5]. Several batteries, like the lithium-ion battery, nickel-metal hydride
battery, and the lead-acid batteries have already been commercialized. However, these batteries are still expensive. Moreover, there
are issues concerning safety, raw material source, and toxicity [6]. Among the electrode materials, zinc is relatively inexpensive,
abundant, and environmentally friendly. A zinc air battery (ZAB) is of interest among metal-air batteries due to its environmental
friendliness, high energy density, high safety, and low cost [7,8]. Electrolytes are essential functional components for rechargeable
zinc air batteries to establish ionic and electronic circuits between the cathode and anode [1]. In general, alkaline electrolytes have
been widely used in rechargeable zinc air batteries (RZABs) due to their higher energy densities, low viscosity, high ionic conductivity
and desirable kinetics for both the oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) and they provide excellent
electrochemical properties [9,10]. However, the main issues in alkaline electrolytes are dissolution of Zn, hydrogen evolution, dendrite
growth, passivation, shape changes, and precipitation of insoluble carbonates [2]. Therefore, the development of low-cost, safe, and
high-performance electrolyte materials is urgently needed to keep up with the rapid growth of electrochemical energy storage ap-
plications [11].

Currently, deep eutectic solvents (DESs) are non-alkaline solvents prepared by simple mixing, eliminating the need for complicated
synthesis through hydrogen bond interactions [12]. Recent research has shown DESs can be used as electrolytes due to many char-
acteristics such as low vapor pressure [13], facile preparation [11], low cost [14], good solubility [1], good thermal and chemical
stability [15], non-flammability, better environmental compatibility, a wider electrochemical window than aqueous electrolytes, and
providing a higher energy density [16].

Many studies have been published on DESs for various energy storage applications, like the fabrication of nanomaterial’s for energy
storage technologies [17], conversion technology/electrochemical energy storage in electrolytes [18], batteries [19], supercapacitors
applications [20], hierarchical carbon electrodes for fuel cells [21], solar energy technologies [22] and functional material synthesis
for energy storage purposes [23]. Hence, all the above-mentioned issues enable DESs to be a promising functional electrolyte for
electrochemical energy conversion and storage. However, no reports have been available on type IV DESs; particularly ZNH/Gly based
DESs as an electrolyte for battery energy storage systems. Because of its low cost, freezing point suppressants, viscosity modifiers,
biodegradability, nontoxicity, and non-flammability, the use of glycerol as a prospective HBD in the development of DESs has attracted
a lot of attention [24]. In this study, we developed a low-cost binary ZNH/Gly)-based DES as an electrolyte for RZABs.

2. Experiment
2.1. Chemicals

Zinc nitrate hexahydrate (ZNH) (96%, LOBA-Chemie) and glycerol (Gly) (neo-lab life science, 99.0%) were used for the synthesis of
DESs. These chemicals were employed without further purification. All the chemicals used were analytical grade reagents.

2.2. DESs synthesis

ZNH based DESs were synthesized by mixing ZNH (Zn(NO3)2.6H20) salt with Gly(C3HgO3) at a various molar ratio of 1:2,1:3,
1:4,1:5 &1:6, respectively. They were prepared using a facile heating preparation method (Fig. 1). The ratio of ZNH salts to Gly was
determined based on the stability and homogeneity of the DES. The mixtures of ZNH salts to Gly were maintained at 90 °C for 1 h and
resulted in a clear homogenous liquid. Then, the obtained DESs were left to cool to room temperature, kept in closed laboratory vials,
and stored inside a desiccator for further analysis.

2.3. Characterization

The conductivity measurements were performed using a conductivity meter (Vlirous model VWR-PH enominal Mu6100H) at
298.15 K. It was calibrated with conductivity standard of 1413 pS/cm. The viscosities of all DESs were measured by using viscometer
(Brookfield LV DV-II 4 Pro, USA). The refractive index measurements of the investigated DESs were measured using Abe refractometer
(model AT1167) utilizing sodium light beam at 298.15. The Fourier Transform Infrared spectroscopy (FTIR) (JASCO MODEL FT/IR-
6600 type A) was employed at 4 cm ™! resolution and wavelength range of 400-4000 cm ! to analyze the functional groups in ZNH/
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Fig. 1. Schematic illisturation for the synthesis ZNH/GLY based DESs by heating method.
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Gly based DESs. To check the thermal stability, thermogravimetric analysis (TGA) of DESs was performed using BJHENVEN HCT-1 to
analyze the thermal stability. It was measured in nitrogen atmosphere in a temperature range of 25-600 °C. Cyclic voltammetry (CV)
measurements were done using an (METEROHM MULTI AUTOLAB M204, MAC90083, and Netherlands) with NOVA software in a 3-
electrode electrochemical cell. It comprises quasi Ag/AgCl reference electrode, Pt wire counter electrode and glassy carbon working
electrode (3 mm diameter). The working electrode was carefully polished with alumina suspensions (0.25 mM) and rinsed in distilled
water before each voltammetry measurement. All cyclic voltammograms were recorded at a scan rate of 10 and 20 mV/s. The fre-
quency range of the electrochemical impedance spectroscopy measurement varies from 0.01 Hz to 100 Hz.

3. Result and discussion
3.1. Physicochemical properties

3.1.1. Conductivity measurements

The conductivity (¢) of DESs is a vital transport characteristic in electrochemical applications. The ¢ is affected by viscosity,
concentration of charge carriers, and ion mobility [25]. The ¢ of the ZNH/GLY based DESs at different molar ratios covers a ¢ range
from 1.39 to 4.41 mS/cm (Table 1). The ¢ increased with the decrease in their viscosities since the ¢ pattern of DESs is influenced by
their ion mobility [26]. The mixtures of Gly and ZNH form room temperature molten liquids in a certain composition range. The
composition has been optimized using the ¢ of the mixtures that are liquids at 298 K and the stability of the molten electrolyte as a
liquid without any spontaneous crystallization under ambient conditions. Fig. 2 shows the variation of ¢ as a function of ZNH/Gly
concentration [24]. The increasement of the mole fraction of ZNH up to 0.33 in the ternary mixture resulted in an increased o. It is
found that 0.33 mol fraction of ZNH and 0.66 mol fraction of Gly yield the best possible ¢ with lower viscosity. This could be due to
creation of a larger free volume (i.e., weaker intermolecular hydrogen bond) between the HBA and HBD at the optimal concentrations.
While beyond 0.33 mol fraction of ZNH resulted in decrease ¢ and that could be due to the formation of crystals in the ternary mixture.
The highest ¢ values of 4.41 mS/cm obtained at 298 K at the optimized composition 0.33 mol fraction of ZNH and 0.66 mol fraction of
Gly (DES1:2) of among the DESs. This value was in good agreement with the reported literature somewhere else [27]. The ¢ values of
the DESs followed the order of DES1:2 > DES1:3 > DES1:4 > DES 1:5 > DES1:6 (Table 1).

3.1.2. Viscosity

Viscosity is the crucial transport characteristics of DESs that defines the internal resistance of a fluid to shear stress [28]. The
hydrogen bonding strength, the nature of HBD, and the salt/HBD mole ratio determine the viscosity of DESs [29]. The viscosity values
decreased in the order of DES 1:6 > DES 1:5 > DES 1:4 > DES 1:3 > DES 1:2 (Fig. 2 and Table 1). The results show that the viscosity of
DES increased as the molar ratio of glycerol increased. This could be due to the more hydrogen bond interactions, the increase in the
attractive force and the decrease in the free volume of DES because of the presence of more glycerol [30]. The lowest viscosity value
was obtained for DES1:2 (Fig. 2 and Table 1). This can be due to the formation of weak intermolecular hydrogen bonds between ZNH
and Gly [31]. The low viscosity value is favorable for DESs electrolytes in electrochemical systems as it provides the free mobility of
ionic species [32]. While DES1:6 resulted in a higher viscosity value compared to DES1:5, DES1:4, DES1:3, and DES 1:2. This could be
attributed to the higher polarity of ZNH and Gly which results in less mobility as well as an increase in the number of contributing
substances in the formation of hydrogen bonds [27]. Furthermore, shear rate (g 1y influences the viscosity of the DES (Fig. 3). It shows
that as shear rate increased the viscosity values decreased that indicates shear thinning behavior and this agrees with previous reported
research [33].

3.1.3. Refractive index measurements

It is a vital characteristics of the solvent which defines the index, optical property, and purity concentration of solute in solvent
[34]. The refractive index (RI) values of the synthesized ZNH/Gly ranges in 1.446-1.470 (Table 1) and the result is similar to previous
works reported somewhere else [21]. Table 1 demonstrates that the RI increased as the molecular ratio of the DES increased. This could
be the higher molar ratios that resulted in a reduced vacant holes or spaces between particles in ZNH or Gly solutions that restrict
particle movement [27].

Table 1
Composition and physicochemical properties DESs at various molar ratios.

Composition Abbrev-iation o (mS/cm) at 25 °C Viscosity (mPa s) at 25 °C Refractive index (20 °C) Physical state (solution)

Shear rate (g 1)

20 30 60 100 200
ZNH/Gly (1:2) DES1:2 4.41 £ 0.01 690 500 310 220 160 1.446 + 0.002 Clear
ZNH/Gly (1:3) DES1:3 3.32 + 0.02 720 520 340 270 210 1.459 + 0.0015 Clear
ZNH/Gly (1:4) DES1:4 1.76 + 0.03 880 710 490 410 350 1.464 £+ 0.001 Clear
ZNH/Gly(1:5) DES1:5 1.42 £ 0.01 910 790 540 470 410 1.466 + 0.0025 Clear
ZNH/Gly(1:6) DES1:6 1.39 £ 0.015 920 810 570 490 450 1.470 + 0.003 Clear

Note: ZNH: Zinc nitrate hexahydrate, Gly: glycerol, mPa s: milliPascal, DES: deep eutectic solvent.
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3.1.4. FTIR analysis

Fig. 4 shows FTIR spectra obtained for mixtures of ZNH and Gly in various compositions. The analysis of the absorbance values,
band widths, and frequency shifts of the same bond in various combinations can help in the interpretation of DES structures. The broad
peak around at 3396 - 3411 cm ™! were attributed to the hydrogen bond formation of DES, which could be obtained from the absorbed
hydroxyl group of C3HgO3 and Zn(NO3)2.6H,0. The ethyl group v(C-H) stretching vibration occurred at 2933 cm ™! while the v(C-H)
bending absorption of CH, peaks was observed at 1386 cm™*. The peak at 1044 cm ™! is assigned the v(C-0) stretching bandwidth
alcohol group in GLY. The strong peak at 1642 cm ™" is due to the v(H-O-H), which is formed by a water molecule in Zn(NOs)5.6H,0
[27].

3.1.5. Thermal stability analysis

The thermal stability of as-prepared DESs in terms of decomposition temperature was obtained using TGA analysis [35]. The TGA of
ZNH/Gly showed three main steps during its thermal decomposition, as illustrated in Fig. 5. The first weight loss prior to 180 °C was
attributed to the vaporation of the hydrated water content of ZNH/Gly-based DESs. The second mass loss in the temperature ranges of
183-316 °C was obtained, and it can be due to the evaporation of glycerol [36]. The Zn eutectic solvent loses its organic component
instead of decomposing as the temperatures close to the boiling point of pure organic constituents [37]. The third mass loss in
(320-433 °C) is observed due to the decomposition of as-prepared ZNH/Gly during the heating stage. After 433 °C, there is no weight
loss in the DES, indicating that the ZNH/Gly DES might be transformed to ZnO. DES 1:2 showed the lowest thermal stability of the
ZNH/Gly DES system, while DES 1:6 was found to be highly stable. The thermal stability decreased in the order of: DES 1:4 < DES 1:2
< DES 1:3 < DES 1:5 < DES 1:6 < pure Gly (Fig. 5). This pattern might be related to the increasing number of intermolecular
interaction of hydrogen bonds formed between ZNH and Gly [27,38], showing the molar ratios of DESs and intermolecular interaction
between ions have a significant impact on thermal stability.

3.2. Electrochemical study

3.2.1. Cyclic voltammetry of DESs

As shown in Fig. 6 (a - e), cyclic voltammetry for ZNH/Gly based DESs at various molar ratios revealed the reversibility of DESs
towards oxidation and reduction reactions within the potential range of —1.0 to +1.2 V, allowing the selection of the appropriate
electrolyte for rechargeable zinc air batteries [39]. The reversibility of the reactions of ZNH/Gly-based DESs were investigated using a
three-electrode configuration system consisting of glassy C (working electrode), Pt wire (counter electrode), and quasi-Ag/AgCl
(reference electrode) immersed in ZHN/Gly electrolytes. The CV study for DES 1:2 at 10 and 20 mV validated the electrochemical
stability towards reduction and oxidation reactions within the potential range of —1.0 to +1.2 V, as shown in Fig. 6a [40]. A sub-
sequent oxidation peaks were observed for DES1:3, DES1:4, DES1:5 and DES1:6 respectively are not electrochemically stable
compared to DES 1:2 [41-43].

3.2.2. Impedance spectroscopy analysis (EIS)

Fig. 7, also shows the Nyquist plot (Z' vs. Z"), which is a frequency response plot used to evaluate the ionic conductivity of a ZNH/
Gly system at room temperature. Nyquist plots are divided into three regions: the semicircle at high frequencies, which is the inter-
facial charge transfer region, diffusion, and the capacitive region. The semicircles of the Nyquist plots for the ZNH/Gly deep eutectic
solvents were unnoticeable. This was due to the low charge transfer resistance at the electrode-electrolyte interfaces [44]. Finally, the
conductivities of ZNH/DESs at room temperature measured with a conductivity meter (Vlirous model VWR-PH enominal 4 Mu6100H)
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Fig. 5. Thermal degradation curves for ZNH/Gly DES and pure glycerol.



F.A. Getie et al. Heliyon 9 (2023) 17810

15.0 15.0
— 10mV
10.0 —20mV (a) 10.0 4 ()
= 504
—_ <
Z 50 =
= £ o0
X £
- =
8 © 504
5.0
-10.0 4
-10.0
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.0 -0.8 0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Potential (v) vs. quasi Ag/AgCl Potential (v) vs. quasi Ag/AgCl
15.0
— —10 mV
m —20 mV
10.0 © 10.0 d
~ 5.0+ 2 5.0 4
-l 2
2 s 0.0
g 0.0 g
3 O 5.0+
5.0
-10.0 4
-10.0 -
-15.0 frm—mr—m——7——7F——
R T B i s 1.0 0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Potential (v) vs. quasi Ag/AgCl Potential (v) vs. quasi Ag/AgCl
15.0
10.0 4 ©
= 5.0+
3
=
S 0.0+
E
=
© 50
-10.0 4
-15.0

1.0 -0.8 -0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Potential (v) vs. quasi Ag/AgCl
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are.4.41, 3.32, 1.76, 1.42, and 1.39 mS/cm for DES1:2, DES1:3, DES1:4, DES1:5, and DES1:6, respectively (Table 1).

4. Conclusions

In this study, electrochemically reversible ZNH/GLY-based DESs were synthesized with GLY as the HBD and zinc salt as the HBA.
The results showed that the nature and molar ratios of the GLY and ZNH salts influenced the eutectic properties of ZNH/GLY based
DESs, which played a vital role in the physicochemical property of the resulting ternary DESs. DES1:2 was the best electrolyte in terms
of viscosity, refractive index, and maximum conductivity (4.41 mS/cm). The anodic and cathodic peaks of DES1:2 were not clearly
observed in the potential range of —1.0 to 1.2 V and it exhibited a wider and more electrochemically stable electrolyte than other
samples. Furthermore, the semicircles of the Nyquist plots for the ZNH/Gly DESs were barely visible. This was due to the electrode-
electrolyte interface’s resulting in an extremely low charge transfer resistance. Finally, the ¢ of ZNH/DESs was measured at room
temperature using a conductivity meter. Hence, the high o, low viscosities, and the electrochemical stability towards oxidation and
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reduction reaction for DES 1:2 make them a promising candidate for different industrial application.
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