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Abstract: Among post-lithium ion battery technologies, rechargeable chemistries with Zn anodes 
bear notable technological promise owing to their high theoretical energy density, lower manufac-
turing cost, availability of raw materials and inherent safety. However, Zn anodes, when employed 
in aqueous electrolytes, suffer from hydrogen evolution, passivation, and shape changes. Alterna-
tive electrolytes can help tackle these issues, preserving the green and safe characteristics of aque-
ous-based ones. Deep eutectic solvents (DESs) are promising green and low-cost non-aqueous sol-
vents for battery electrolytes. Specifically, the cycling of Zn anodes in DESs is expected to be reversi-
ble, chiefly owing to their dendrite-suppression capability. Nevertheless, apart from a few studies 
on Zn plating, insight into the cathodic–anodic electrochemistry of Zn in DESs is still very limited. 
In view of developing DES-based battery electrolytes, it is crucial to consider that a potential draw-
back might be their low ionic conductivity. Water molecules can be added to the eutectic mixtures 
by up to 40% to increase the diffusion coefficient of the electroactive species and lower the electro-
lyte viscosity without destroying the eutectic nature. In this study, we address the electrochemistry 
of Zn in two different hydrated DESs (ChU and ChEG with ~30% H2O). Fundamental electrokinetic 
and electrocrystallization studies based on cyclic voltammetry and chronoamperometry at different 
cathodic substrates are completed with a galvanostatic cycling test of Zn|Zn symmetric 2032 coin 
cells, SEM imaging of electrodes and in situ SERS spectroscopy. This investigation concludes with 
the proposal of a specific DES/H2O/ZnSO4-based electrolyte that exhibits optimal functional perfor-
mance, rationalized on the basis of fundamental electrochemical data, morphology evaluation and 
modeling of the cycling response. 
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1. Introduction 
Deep eutectic solvents (DESs) are green liquid media typically obtained by mixing 

Lewis or Brønsted acids and bases, of which the reciprocal interactions result in a eutectic 
with a depression of the melting point significantly below the ideal-mixture value [1]. 
DESs share many characteristics with ionic liquids (ILs), among which are relevant for 
battery applications, such as low vapor pressure, good thermal and chemical stability, 
non-flammability and easy moldability. However, different from ILs, DESs exhibit the key 
advantage of a simple synthesis based on low-cost, biodegradable and non-toxic raw ma-
terials. This advantage can be emphasized further if raw biobased materials are employed 
(natural deep eutectic solvents, NADES [2,3]). Similar to ILs, DESs are particularly attrac-
tive in a wide range of electrochemical technologies, such as (i) electrodeposition of dif-
ferent materials (nanostructures, polymers and coatings [4–7]); (ii) battery and superca-
pacitor electrolytes [8–11]; (iii) reaction media for synthesis of electrodes and electrocata-
lysts [2]; (iv) extractants for hydrometallurgy, including battery recycling [12]. The key 
functional characteristics of DESs for electrochemistry have a wide electrochemical win-
dow and an interface that is more structured than that allowed by the classical solvent + 
supporting electrolyte system ILs [13]. 

Among battery applications, DESs have been reported as novel electrolytes for re-
chargeable Zinc-ion batteries (ZIBs) [14–18]. ZIBs typically feature neutral or weakly 
acidic aqueous electrolytes and exhibit the typical drawbacks of Zn anodes: passivation 
and dendrite formation. DES-based electrolytes have been reported to enable reversible 
plating/stripping of Zn and dendrite suppression [2,6]. 

An advantage of DES solvents with respect to aqueous ones is that the concentration 
of electroactive species is also critical in view of controlling electrode shape evolution in 
electroplating. For these reasons, the capability of tuning the coordination chemistry and 
the metal complex formed between the Lewis acids of the metal and the Lewis base of the 
DES is key. In this respect, a specific advantage of DESs for metal plating/stripping pro-
cesses is that they have a high ability to solubilize metal salts, metal oxides and hydroxides 
and, in correspondence, they impede the formation of insoluble oxides and hydroxides 
[4,6]. For the case of Zn, EXAFS-based Zn2+ ion speciation studies in ChCl:U and ChCl:EG 
pointed out that, in both DESs, [ZnCl4]2− is the dominant species [19,20]. Moreover, the 
peculiarities of Zn2+ coordination were found to result in unusual voltammetric behavior, 
characterized by a cathodic peak in the cathodic branch of the anodic-going scan. Gener-
ally, the mechanistic studies of Zn electrodeposition onto glassy carbon (GC) from DESs 
[21–26] have concluded that the metal is formed by the reduction of an intermediate Zn-
containing species. Finally, the reactivity of choline chloride and ethylene glycol can im-
pact coordination in that these species can be dehydrogenated at negative potential form-
ing RO¯, which can replace one or more chloride ligands in [ZnCl4]2− [21,22,24]. 

As pointed out in the pioneering work described in [3], the physical chemistry of DES 
solutions can be fine-tuned with the addition of water for electrochemical applications. 
Water molecules, in even large proportions, can be incorporated into the DES framework 
to improve the ionic conductivity, increase the diffusion coefficient of specific solutes and 
lower the viscosity without destroying the eutectic nature of DESs. Specifically, viscosities 
of DESs are of the order of 1 mPa·s at ambient temperatures [27]: these relatively high 
viscosity values are mainly due, on the one hand, to the presence of hydrogen bonding 
and Van der Waals interactions that limit the mobility of ions, and, on the other hand, to 
the large ion size and small void volume. Generally, high viscosity adversely affects elec-
trochemical processes owing to sluggish mass transport; therefore, the availability of low-
viscosity DESs is highly desirable [28]. 
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Neutron diffraction studies [29] reveal that, in the bulk region, choline and urea are 
bound to chloride atoms in a pure DES, while added water is preferentially associated 
with the cholinium ion. Thus, water hydrates the pure DES by sequestration around the 
cholinium cation, but the DES structure is nevertheless maintained up to a water content 
of ca. 40%. As a result, water participation in the hydrogen bond network strengthens the 
cohesive interactions that control the liquid structure, increasing the number of coordina-
tion layers. When the water content exceeds a critical threshold, the water-in-eutectic sys-
tems are disrupted, and an ordinary aqueous solution structure is obtained. The addition 
of water in DESs has been considered in the fields of electroanalytical sensing [3] and 
energy storage devices [14,15,17,18]. 

A convenient way to control the amount of water present in the eutectic mixture is 
by dissolving hydrated salts. In this work, we shall report the synthesis of hydrated eu-
tectic Zn electrolytes with precise hydration, achieved by mixing a hydrated salt 
ZnSO4·7H2O with two of the most common DESs: reline and ethaline, which are stable in 
an ambient atmosphere. 

The link between the chemistry of Zn2+ solutions and DESs is considered, and the 
peculiarities of Zn electrochemistry in these solutions can be rationalized in terms of the 
DES–electrode interface structure. DES interfaces are inherently more complex than ILs 
interfaces. Whereas ILs consist of cations and anions only, DESs comprise cations, anions 
and molecular components that cannot participate in ionic interactions. In the cases con-
sidered in this study, DES:EG and DES:U have a concentration of non-ionizable molecules 
that is twice that of the salt. In a representative investigation on this point, Chen et al. 
studied a series of DESs at HOPG electrode interfaces as a function of potential, finding 
multilayer nanostructures with a number of layers and interlayer forces that are lower 
than typical ILs. Similarly, AFM measurements demonstrated that, at potentials more neg-
ative than the point of zero-charge (PZC), the Stern layer is enriched in choline, with 
charged groups facing the electrode and alcohol groups facing the bulk liquid, while the 
interfacial layer at strongly negative potentials is rich in hydrogen-bond donors (HBD) 
[30]. Of course, the liquid structure changes brought about by water addition (mentioned 
above in this section as relevant for energy storage applications) impact the structure of 
the DES–electrode interface. Specifically, Hammond et al. [31] reported that the layer 
thickness in the case of a pure DES in contact with a polycrystalline Pt electrode increases 
from 0.45 to 0.55 nm in the range of 40–50% of water content. 

Thus, the possibility of tuning, on the one hand, the solution chemistry of Zn2+-con-
taining electroactive species and, on the other hand, the electrode–electrolyte interfacial 
structure and chemistry by the combined use of DES and water provides a flexible tool to 
control Zn plating and stripping processes. 

Only a few studies of hydrated DES are currently present in the literature on this 
topic [32]. Recent reports on DESs used as rechargeable Zn battery electrolytes using var-
ious methods/strategies and their key performance descriptors are summarized in Table 
1. 

Table 1. Recent studies on DESs as rechargeable Zn battery electrolytes. 

DES type Cathode type Electrochemical cell Electrochemical tests Number of cycles 
Ref. 

number 

urea/LiTFSI/Zn(TFSI)2; 
TFSI, bis(trifluorome-
thanesulfonyl)imide) 

LiMn2O4 or Li-
FePO4 

Coin cell or pouch 
cells 

Cycling 0.05 mA/cm2 
and 0.1 mA/cm2 

with CV characteriza-
tion 

400 h 
86.6% capacity re-

tention after 600 cy-
cles 

[17] 

methylsulfonylmethane, 
zinc perchlorate 

NH4V4O10(NVO) 
or CaV4O9 (CVO) 

Zn|Zn and asymme-
tric Zn|Cu coin cell or 

pouch cells 

Cycling 0.05,  
1 and 2 mA/cm2 

with CV characteriza-
tion 

2000 h at 0.05 
mA/cm2 

400 h at 2 mA/cm2 

[35] 
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76% retention after 
3000 cycles at 3000 

mA g−1 

sulfolane (SL) and 
Zn(ClO4)2·6H2O 

Polyaniline 
(PANI) 

Symmetric and asym-
metric coin cells 

Cycling 0.5 mA/cm2 

800 h 
2500 times with a 

capacity of 72 mAh 
g−1 at 3 A g−1 

[34] 

ZnCl2 in ethaline 
(anhydrous), ZnCl-EG 

NVO nanorib-
bon/CFP ca-

thode, 

Symmetric and asym-
metric coin cells 

Symmetric: ten cycles 
at 

different current den-
sities of 0.1, 0.15, 0.2, 
0.25 and 0.3 mA/cm−2 
Asymmetric: 0.1 A g－

1 

200 cycles 
300 cycles 

[16] 

ZnCl2 in reline (an-
hydrous) 

δ-MnO2 
Symmetric and asym-

metric coin cells 

Symmetric: ten cycles 
at 0.1, 0.2, 0.5 

and 1.0 mA/cm2 for 
30 min at each current 

density. 
Asymmetric: 50, 100, 

150 and 
200 mA/g of δ-MnO2 
for ten cycles at each 

current density 

150 cycles [15] 

ZnCl2:acetamide:H2O 
(1:3:1) 

Phenazine ca-
thode 

Symmetric and asym-
metric coin cells 

Symmetric: 0.1 and 
0.05 mA h cm−2 

Asymmetric: 0.1 mA 
cm−2 and 0.025 mA h 

cm−2 

Over 10,000 cycles [14] 

ZnCl2:acetamide Carbon electrode 
Home-built cell for 

flow battery (hybrid 
RFBs) 

Cycling 0.12 mA· cm−2 150 h [18] 

Zn(ClO4)2·6H2O) 
and succinonitrile 

poly(2,3-dithiino-
1,4-benzoqui-

none) 
Coin cells Cycling 0.3 C 3500 cycles [33] 

Shi et al. reported that DES was based on ZnCl2 and acetamide with different 
amounts of water, and FT-IR, Raman and 17O NMR spectroscopy data showed that the 
addition of small amounts of water below the level yielding direct water–water interac-
tion affects the coordination geometry of Zn2+ in a way that impacts Zn plating [14]. In 
fact, based on the accepted view that Zn electrodeposition is through a combination of 
desolvation and charge-transfer steps, [ZnCl(acetamide)2(H2O)]+ was shown to undergo 
successive deamidation and dehydration, yielding [ZnCl(acetamide)]+ of which the metal 
center is finally reduced. Although the most stable species is [ZnCl(acetamide)3]+, the en-
ergy barrier for dehydration is much lower than that for deamidation. For this reason, 
[ZnCl(acetamide)2(H2O)]+ with lower dissociation energy is the actual electroactive spe-
cies [18]. The effect of Zn solvation was also observed through its effect on the nucleation 
overpotential since Zn2+ in the hydrated DES exhibits faster desolvation kinetics, which, 
in turn, leads to a lower nucleation overpotential. Finally, Zhao et al. studied the proper-
ties of a “water-in-DES” electrolyte (~30 mol.% H2O) based on the urea/LiTFSI/Zn(TFSI)2 
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mixture and found that the preferential interaction between water and metal cations fa-
vors interfacial charge transfer [17]. Other examples of hydrated eutectic electrolytes re-
ported in the literature are based on sulfolane (SL)/Zn(ClO4)2·6H2O [34] and Methyl-
sulfonylmethane/zinc perchlorate [35]. However, notwithstanding the important contri-
bution of these seminal papers, the mechanism of Zn electrodeposition in DES has not 
been conclusively assessed. 

The present research is meant to contribute to this field, focusing on Zn electrodepo-
sition from two different, hydrated DESs: ChU and ChEG with ~30% H2O. In order to gain 
control of the impact of the cathode material, we carried out our electrochemical tests by 
employing GC, Zn, Pt and Au electrodes. Moreover, in order to test the performance of 
these electrolytes in real-life device conditions, we carried out electrochemical cycling 
tests in symmetric 2023 coin cells. 
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2. Materials and Methods 
2.1. Preparation of Deep Eutectic Solvents, Electrolytes and Electrodes 

Three different DES electrolytes were used: hydrated 0.3 M ZnSO4 in reline (abbrevi-
ated ChU0.3), anhydrous 0.3 M ZnSO4 in reline (abbreviated AChU), 0.1 M ZnSO4 (abbre-
viated ChU0.1), and 0.3 M ZnSO4 in ethaline (abbreviated ChEG). Reline was first pre-
pared by combining urea (CO(NH2)2, ACS reagent, 99%) and choline chloride 
(C5H14ClNO, 99% Sigma-Aldrich) (2:1 molar ratio) at a temperature of 70 °C for 1 h until 
a homogeneous colorless solution was obtained. Then, ZnSO4 was added to reline to ob-
tain ChU0.3 and ChU0.1 DES electrolytes. A pre-drying process was performed to elimi-
nate the crystallization water of choline chloride, urea and ZnSO4 powders by heating 
these powders separately at 120 °C under a rotary-pump vacuum for 2 days. After drying, 
the chemicals were transferred to an argon-filled glove box for the preparation of anhy-
drous reline, which was then used for the preparation of AChU. Ethaline was prepared 
with the same procedure as reline using ethylene glycol (C2H6O2) (reagent plus, ≥ 99% 
Sigma-Aldrich) instead of urea. ChU0.3 and ChEG were then selected as electrolytes for 
the mechanistic studies of Zn electrodeposition reported in Sections 3.1 and 3.2. 

2.2. Electrode Preparation and Cell Fabrication 
Cycling tests were carried out in symmetric CR2032 coin cells. The electrodes were 

Zn disks 12 mm in diameter, punched from 250 µm thick foil. The separator consisted of 
glass microfiber disks 19 mm in diameter and 260 µm thick. An amount of 350 µL of elec-
trolyte, prepared as described in Section 2.1.1, was added to the cell. The layout of the 
CR2032 cells is shown in Figure 1. 

 
Figure 1. Schematic of the symmetric CR2032 coin cell and its components. 

2.3. Electrochemical Measurements 
2.3.1. Cyclic Voltammetry (CV) 

CV measurements were performed in a three-electrode cell with an Ag/AgCl 3M KCl 
reference electrode (AMEL 373/SSG/12) and platinum counter electrode (CE). All poten-
tials in this work are referenced to the Ag/AgCl 3 M KCl electrode. A glassy carbon (GC) 
electrode (AMEL 492/GC/3) with a surface area of 0.07 cm2, platinum (Pt) (AMEL 492/Pt/2) 
with a surface area of 0.03 cm2, gold (Au) (AMEL 492/Au/2) with a surface area of 0.03 cm2 
and Zn foil with a surface area of 0.25 cm2 were employed as WEs. The cell contained 40 
mL of electrolyte (see Section 2.1 for the composition), which was degassed by N2 bub-
bling (0.5 nlt min−1, 30 min) before running the experiment and kept under a blanket of 
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flowing N2 during the electrochemical measurements. CVs were performed with a VMP-
300 BioLogic potentiostat/galvanostat at 10 mV s−1. Specifically, before each experiment, 
the electrode was washed with deionized (DI) water, gently polished with alumina sus-
pension 0.05 µm (ALLIED) and finally rinsed with DI water and acetone. The RE and all 
cell components were thoroughly washed with DI water. 

2.3.2. Chronoamperometry (CA) 
CA experiments were conducted using the same set-up mentioned above, using a Zn 

foil as the working electrode. A 3M ZnSO4 solution in ChU or ChEG was used at 25 °C 
imposing different potentials ranging from −1.25 to −1.8 V for 5 min. 
2.3.3. Galvanostatic Charge-Discharge Cycling (GCD) 

GCD measurements were carried out with a NEWARE Battery Testing System 
(model: CT-4008T-5V10mA-164). The Zn∣Zn symmetric cells were cycled at 0.1, 0.2, 0.5 
and 1 mA cm−2 for 30 min at each current density (CD), and the voltage was limited by 
setting the cut-off to ± 2 V. 

2.4. Scanning Electron Microscopy (SEM) Analysis 
SEM images of deposited metallic Zn and Zn electrodes were acquired using a field 

emission-scanning electron microscope (FE-SEM, Zeiss SUPRA 40) operating in a high 
vacuum. 

2.5. In Situ Surface-Enhanced Raman Spectroscopy 
Raman spectra were recorded by means of a Jobin Yvon Horiba LabRam microprobe 

confocal system with the excitation at 633 nm provided by a He-Ne laser delivering 7 mW 
at the sample surface, with a 600 grid/mm spectrometer. A 50× long-working distance ob-
jective was used. In situ electrochemical measurements were performed in a Ventacon 
glass cell. The working electrode was a gold disc electrode, 0.6 mm in diameter, embedded 
in a Teflon holder; the counter electrode was a platinum wire loop concentric and coplanar 
with the working electrode, and the reference was an aqueous Ag/AgCl 3 M KCl electrode. 
In order to achieve SERS activity, the gold electrode was submitted to ORC treatment 
consisted of cycling the electrode in a separated cell in 0.1 M KCl solution, from 0.3 to 1.2 
V at 500 mVs−1 fifty times. In situ Raman spectra were collected during potentiostatic po-
larization of the gold electrode at a series of potentials covering the span investigated by 
voltammetry. 

3. Results and Discussion 
The electrokinetic and electrocrystallization processes controlling Zn electrodeposi-

tion were investigated by CV and chronoamperometric measurements. In addition, dif-
ferent working electrode materials were employed in order to deepen the Zn nucleation 
phenomena. 

3.1. Cyclic Voltammetry (CV) Experiments 
Prior to working with Zn2+ in solution, the electrochemical windows of the two DESs 

were explored with CV at different working electrodes: Zn, GC, Au and Pt (see Section 
2.3.1). These hydrated eutectic electrolytes exhibit conveniently wide potential windows 
of ca. 3.0 V for electrochemical experiments with the Zn–Zn2+ couple out of equilibrium. 
The cathodic potential limits reported in Figure 2 for ChEG (Panel A) and ChU (Panel B) 
can be attributed to the reduction of choline ions (Ch+), ethylene glycol or water. The elec-
trochemical decomposition of the quaternary ammonium salts can lead to the formation 
of the choline radical that, in turn, can decompose to trimethyl amine and ethanol radical 
or to dimethylaminoethanol and a methyl radical [35]. The formation of a methyl radical 
can then form different side products, such as CH3Cl or CH4. Water reduction, instead, 
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increases the concentration of OH¯ at the double layer, and with a formation of trimethyl-
amine, the Hoffman elimination is likely to occur, too. Pt is known for its excellent elec-
trocatalytic properties for the hydrogen evolution reaction (HER), and since water reduc-
tion is one of the possible reactions taking place at high cathodic potentials in the investi-
gated range, the highest increase in background current is shown at the platinum elec-
trode. The ChEG electrolyte yields higher CDs than ChU, owing to the different viscosities 
of the two media; in fact, ethylene glycol is a weaker hydrogen-bond donor (HBD) than 
urea. 

 
Figure 2. Cyclic voltammograms in the cathodic range for ChEG (Panel (A)) and ChU (Panel (B)) 
with GC, Pt, Au and Zn electrodes. 

CVs of ChU and ChEG with 0.3 M ZnSO4 for all working electrodes used are reported 
in Figure 3. The experiments have been repeated three times and proved to be perfectly 
reproducible (only one curve out of three is shown for clarity). The voltammetric response 
varied depending on the substrate on which zinc was deposited. The electrochemical be-
havior on Zn exhibits a CV pattern, typical of electrodeposition on an identical cathode 
with an onset potential of −1.22 V for both electrolytes. The cathodic peak is centered at 
−1.62 V for ChU and −1.37 V for ChEG. Our results contrast the study results of [21] but 
agree with those of [26]. A possible explanation could be the use of different Zn salts; 
Indeed, for the case of ILs, reference [36] pointed out that the counterion of the Zn2+ salt 
drastically affects the zinc electrochemistry on a GC substrate. Zn deposition on Pt shows 
different CV patterns in the two electrolytes. If ChEG is used, a CD crossover is present 
with only one cathodic peak at −1.40 V. Instead, in ChU, one shoulder is found at −1.37 V 
and a cathodic peak at −1.51 V, while the CD crossover is not present. In both cases, the 
cathodic peak is followed by an anodic one, centered at −0.90 and −0.81 V for ChU and 
ChEG, respectively. This difference will be explained below. 
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Figure 3. Cyclic voltammograms of 0.3 M ZnSO4 in ChU (blue shades) and 0.3 M ZnSO4 in ChEG 
(red shades) with GC, Au, Pt and Zn electrodes. 

The CVs on GC for both electrolytes show that the cathodic peaks at −1.75 V (ChU) 
and −1.40 V (ChEG) are observed only after reversing the scan. The reduction peak is fol-
lowed by an oxidation one with a current peak located at −1.00 V. This unusual voltam-
metric behavior, where the reduction peak appears on reverse anodic scans, has also been 
reported for other DESs and ILs [21,22,24,25,37]. In particular, Zn deposition from 1-ethyl-
3-methylimidazolium dicyanamide [emim][dca] IL showed a cathodic peak during the 
reverse scan [37]. This behavior is due to the fact that the compact layer is depleted of Zn2+ 
species in the double-layer charging region and is thus excluded from electroactivity until 
a potential is reached, at which the reaction of the compact layer species enables access of 
Zn2+ and can thus undergo reduction. In parallel, Pereira et al. [24] reported the same volt-
ammetric pattern on stainless steel and justified this behavior with the potential-depend-
ent formation of a choline layer and Zn intermediates: a compact choline layer forms at 
equilibrium and is desorbed at some cathodic potential beyond which a reducible zinc 
species can reach the electrode surface. The same authors also pointed out that additives, 
such as dimethylacetamide, considerably change the CV shape. The reason for this phe-
nomenon could be that the additive interferes with choline adsorption, impeding the for-
mation of the choline compact layer and, therefore, enabling a Zn2+ reduction at less ca-
thodic potentials. Since the reduction of water in these conditions is one of the possible 
reactions taking place at high cathodic potentials, the electrode surface could exhibit a 
partial coverage with adsorbed H and choline. The Pt electrode, exhibiting the highest 
metal–hydrogen bond strength, is expected to emphasize this phenomenon, and indeed, 
our results showed that—at the Pt electrode—the reduction peak is already present dur-
ing the forward cathodic scan (Figure 3). 

When ZnSO4 is dissolved in DESs, the [ZnCl4]2− species is formed and stabilized by 
choline [19,20]. Although tetrachlorozincate is the dominant species, it does not seem to 
be the complex from which Zn is deposited; indeed, [ZnCl4]2− has a very negative reduc-
tion potential. Vieira et al. [21,22] suggested the formation of an intermediate electroactive 
species triggered by the cathodic reaction of the electrolyte. Figure 4 shows CVs in which 
the cathodic limit was gradually increased from −1.5 to −1.9 V, and one can notice that the 
CD at the anodic peak increases with the lower vertex potential. At the same time, the 
reduction peak at −1.5 V is only visible at lower scan rates, which is anticorrelated with 
the CD (Figure 5). In any case, in Figures 4 and 5, no reduction peak could be detected in 
the investigated ranges of cathodic vertex potential and scan rate. From these results, it 
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can be inferred that the formation of the electroactive intermediate resulting from the re-
placement of one or more chloride ligands in [ZnCl4]2− with a cathodic reduction product 
of EG and/or Ch should be a reaction with slow kinetics. Chronoamperometric measure-
ments on GC, which will be discussed in Section 3.3.1, showed that Zn deposition is al-
ready present at −1.35 V. Therefore, the formation of the electroactive intermediate also 
seems to show a notable time dependence. 

 
Figure 4. Cyclic voltammograms of 0.3 M ZnSO4 in ChU with GC electrode at 25 °C and 10 mV s−1 
and different cathodic vertex potentials. 

 
Figure 5. Cyclic voltammograms of 0.3 M ZnSO4 in ChU with GC electrode at 25 °C at different scan 
rates: 5 (Red), 10 (orange) and 30 mV s−1 (yellow). 

Multiple CVs at a GC WE (Figure 6) progressively develop electrochemical noise in 
the anodic region, which can be attributed to the rupture of ZnO film produced in the 
anodic process. A similar dynamic process was observed in an alkaline aqueous solution 
[38]. In correspondence, the peak CD decreases with the number of cycles (from red to 
blue), and the cathodic peak is present in the reverse scans of all cycles. 
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Figure 6. Multiple-cycle voltammograms in 0.3 M ZnSO4 in ChU with GC electrode (first: red line, 
last: blue line) at 25 °C and 10 mV s−1. 

On Au, CVs show a cathodic peak in the cathodic forward sweep as well as in the 
anodic reverse one. This behavior has also been reported in previous studies [21]. Appar-
ently, two different effects are present at the same time in this material. Since, as stated 
above, the formation of the more reducible Zn species correlates with DES degradation 
that can be triggered by proton reduction, differences in electrocatalytic behavior for HER 
among the cathodic substrates considered can explain the different encountered CV pat-
terns [39]. Moreover, the cathodic peak visible with an Au electrode in the anodic-going 
scan following the attainment of the cathodic vertex potential can be due to the formation 
of an adsorbed layer. In particular, a specific interaction can develop between the lone 
pairs of gold and nitrogen, favoring the formation of an interfacial organic layer. Scanning 
further into the anodic range can lead to the desorption of this organic layer and electro-
deposition from the newly-formed electroactive Zn(II) intermediate, which could access 
the double layer in these conditions. 

In addition to the above-mentioned differences in CV patterns between the DESs in-
vestigated, one can notice a potential systematic shift: the cathodic peak is always found 
at more positive potentials when ChEG is used. This shift can be attributed to the lower 
viscosity and lower electrochemical stability of this electrolyte with respect to ChU. 

3.2. SERS Analysis of Au–DES Interface 
In order to clarify the role of surface reactivity and orientation of the investigated 

DESs, Surface Enhanced Raman Spectroscopy (SERS) was employed: the SERS-active Au 
electrode was selected for study [40,41]. Figures 7 and 8 report potential-dependent SERS 
spectra, measured in situ in the potential range investigated by CV in Section 3.1 with the 
two DES-based electrolytes studied in this work. Vibrational bands typical of C-N single 
bond, symmetric (712 cm−1, 864 cm−1) and asymmetric (952 cm−1), C-H stretching (2922 
cm−1) can be assigned to the hydrogen-bond acceptor (HBA) (Ch+), while C-N symmetric 
(1010 cm−1) and asymmetric (1450 cm−1) stretching, NH2 asymmetric and symmetric defor-
mation (1589 cm−1, 1647 cm−1) and C=O stretching (1683 cm−1) can be assigned to the HBD 
(urea). Ethylene glycol SERS spectra are instead characterized by C-O stretching in the 
region between 1000 and 1100 cm−1, a very intense Raman band at 2958 and 2997 cm−1 
corresponding to the stretching mode of CH2 groups and a broader peak corresponding 
to O-H stretching. The potential-dependent SERS spectral features are similar for both 
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electrolytes. Upon polarization in the high cathodic range at −1500 mV, a new peak at 2132 
cm−1 can be observed, which is characteristic of ν(CN) of adsorbed CN¯ ([42] and refer-
ences therein contained); this anion results from the degradation of quaternary ammo-
nium salts. As discussed in Section 3.1, different reaction mechanisms can lead to the for-
mation of CN¯. Hoffman’s elimination of choline cations is likely to occur at high cathodic 
overvoltage conditions where the concentration of OH¯ is higher because of HER, leading 
to trimethylamine formation. The thus-formed trimethylamine can then be deprotonated 
by either OH¯ or H to form the CN¯ group. In the range from −1500 to 0 mV, there is a 
slight blue Stark shift of the vibrational frequency of the nitrile stretching mode that is 
characteristic of adsorbed CN¯ and has been widely investigated in aqueous solutions 
([43] and references therein) but also evidenced in ILs electrolytes [40,41]. The CN¯ band 
is also present when the potential is switched anodically at 0 and +250 mV. In fact, once 
CN¯ has been formed at −1500 mV, this anion remains adsorbed until anodic desorption 
settles. Upon anodic polarization at potentials higher than 750 mV, new bands that form 
at 270, 319 and 340 cm−1 (Figure 7 (Panels C, D) and Figure 8 (Panels C, D)) corresponding 
to the Au-Cl stretching and bending resulting from the partial oxidation of the Au surface. 
This result is in line with the peculiarities of the CV pattern reported in Figure 3. 

 
Figure 7. Potential-dependent in situ SERS spectra were measured at an Au electrode in contact 
with the DESU electrolyte. Panels (A–D) report the spectra recorded in the whole measured range. 
Blue rectangles highlight diagnostic spectral ranges. 
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Figure 8. Potential-dependent in situ SERS spectra measured at an Au electrode in contact with the 
DESEG electrolyte. Panels (A–D) report the spectra recorded in the whole measured range. Blue 
rectangles highlight diagnostic spectral ranges. 

3.3. Nucleation and Growth of Zn 
3.3.1. Chronoamperometry (CA) 

CA experiments were performed in ChU and ChEG electrolytes to study the nuclea-
tion and growth mechanisms of Zn electrodeposition on Zn and GC substrates. In Figures 
9A,B and Figure 10A,B, we report CD-time transients obtained by stepping the potential 
from an initial value of −1.25 V, where reduction reactions cannot take place, to values 
that are sufficiently negative to initiate nucleation and growth of Zn crystallites. It is worth 
noting that the CD surge observed at the start of the experiment is due to the charging of 
the electrochemical double layer. Nucleation and growth of electrodeposited Zn onto pol-
ycrystalline Zn and GC electrodes were analyzed according to the Scharifker–Hills (SH) 
three-dimensional (3D) nucleation models [44,45] and considering two limiting cases: in-
stantaneous nucleation (IN) and progressive nucleation (PN). In the former case, all nuclei 
are formed immediately upon application of the potential step; in the latter case, the for-
mation of nuclei occurs over a time span (i.e., the number of nuclei increases during the 
deposition process). 
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Figure 9. (A,B): Chronoamperograms for 0.3 M ZnSO4 in ChEG (A) and ChU (B) using a Zn elec-
trode at 25 °C. (C,D): Normalized experimental curves of Panels (A,B), plotted together with theo-
retical curves for progressive (solid pink line) and instantaneous nucleation (solid black line) ac-
cording to the model of [33,34]. 

 
Figure 10. (A,B): Chronoamperograms for 0.3 M ZnSO4 in ChEG (A) and ChU (B) using a GC elec-
trode at 25 °C. (C,D): Normalized experimental curves of Panels (A,B), plotted together with theo-
retical curves for progressive (solid pink line) and instantaneous nucleation (solid black line) ac-
cording to the model of [33,34]. 
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According to the analysis of [38,39], who combines geometrical assumptions with 
diffusive mass-transport theory, the analytical forms of the transients for IN or PN nucle-
ation are given by Equations (1) and (2): 

IN: (𝐼/𝐼௠௔௫ )ଶ =  1.9542 (𝑡/𝑡௠௔௫)ିଵ [1 − exp(−1.2564 𝑡/𝑡௠௔௫  )]ଶ (1)

PN: (𝐼/𝐼௠௔௫ )ଶ =  1.2254 (𝑡/𝑡௠௔௫)ିଵ {1 − exp[−2.3367( 𝑡/𝑡௠௔௫)ଶ ]}ଶ (2)

In order to discriminate between these two nucleation processes, an effective semi-
quantitative approach is that of comparing the normalized experimental current transi-
ents with the theoretical ones (Figures 9C,D and 10C,D). Overall, the experimental data 
for the ChU electrolyte are approximated well by the 3D instantaneous nucleation model 
for the potential range studied on both Zn and GC electrodes, whereas the whole set of 
obtained nucleation transients with the ethylene-glycol-based DES cannot be followed 
with either the IN or the PN nucleation model (a similar case is not uncommon, as docu-
mented in [19]). Zn deposition from the ChEG electrolyte onto the Zn electrode seems, in 
fact, to follow two different nucleation mechanisms depending on the potential applied: 
CD transients at −1.3 and −1.4 V exhibit the IN features, while potentials more cathodic 
than −1.5 V, the PN mechanism seem to prevail. 

As far as the assignment of a nucleation mechanism is concerned, the literature on 
Zn deposition on extraneous cathodes is not unanimous. Smith et al. [46] have studied the 
deposition of zinc onto a gold electrode from ChEG, and the experimental data could be 
accurately fitted with the PN model, while Vieira et al. [21] found the IN mechanism with 
stainless steel cathodes and the PN one with gold. On this background of the literature, it 
is clear that a complete understanding of the nucleation mechanism of Zn on different 
cathodes from DES media, enabling discussion in a general mechanistic framework, is still 
missing. 

It is worth noting that for t/tmax  ˃ 4, when 3D growth sets in, the transient shape 
slightly deviates from that predicted by the electrochemical nucleation model based on 
Cottrell-type diffusion control. Assuming that diffusive mass transport still holds, these 
deviations indicate that—in the potential range of interest—Zn growth on polycrystalline 
Zn exhibits an additional activation contribution. Similar deviations from the IN trend are 
known in Zn nucleation studies [21]. 

Regarding the nucleation model constants, the diffusion coefficient D (cm2s−1) can be 
estimated by measuring the jmax and tmax values from Figures 9 and 10 and by substituting 
them into Equation (3) [44]: 

(𝐼௠௔௫ )ଶ𝑡௠௔௫ = 0.1629(𝑧𝐹𝑐)ଶ𝐷  (3)

The average value of the diffusion coefficient in ChU is 5.2 × 10−8 cm2s−1, which is 
higher than the one reported in the work of Yang et al. [47]. This result is consistent with 
the fact that our DES was prepared in the laboratory ambient when adding ZnSO4·7H2O 
without drying the salt powder; the water content of the DES can thus increase the diffu-
sion coefficient of Zn2+. 

3.3.2. SEM Analysis of Zn Electrodeposits 
The morphology of Zn layers grown onto polycrystalline Zn from the two electro-

lytes considered at different potentials has been characterized by SEM. The images rec-
orded show that the zinc layer deposited from ChU (Figure 11) is formed by hexagonal 
crystallites. The main impact of the four potentials considered is the surface coverage with 
Zn crystallites. SEM observations also confirm the nucleation mechanism. Indeed, in the 
IN cases recognized in Section 3.3.1, since all the nuclei are of the same age and grow at 
the same rate, crystallites of the same dimensions were found (Figure 11). The morphol-
ogy of the Zn films deposited from ChEG (Figure 12) at the low cathodic overvoltage of 
−1.35 V exhibits well-defined individual crystallites of the desert rose type, coherent with 
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an IN mechanism. Instead, at higher cathodic potentials, a compact Zn layer forms, con-
sistent with the PN model. 
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Figure 11. SEM images of Zn electrodeposits were potentiostatically obtained on polycrystalline Zn 
at E = −1.35, −1.50, −1.55 and −1.60 V from 0.3 M ZnSO4 in DES ChU. Electrodeposition time: 900 s. 

 
Figure 12. SEM images of Zn deposits were potentiostatically obtained on polycrystalline Zn at E = 
−1.35 and −1.80 V from 0.3 M ZnSO4 in DES ChEG. Electrodeposition time: 900 s. 
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3.4. Galvanostatic Charge-Discharge Cycling (GCD) in Symmetric 2032 Coin Cells 
3.4.1. Electrochemical Experiments 

Figures 13 and 14 show the corpus of experimental data obtained in the cycling ex-
periments detailed in Sections 2.2 and 2.3.3. 

 
Figure 13. Galvanostatic charge-discharge cycling experiments carried out with Zn symmetric 2032 
coin cells with ChU0.1 (black plot), ChU0.3 (red plot), ChEG (green plot), and ChU electrolytes at 
0.1 (Panel (A)), 0.2 (Panel (B)), 0.5 (Panel (C)), 1 (Panel (D)) and 0.1 mA cm−2 (Panel E), respectively. 
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Figure 14. Chronopotentiometric transient shapes are highlighted from the datasets in Figure 13. 

Eutectic electrolytes based on hydrated electrolytes are found to yield the longest-
living cells. With ChU0.3 (red plots in Figure 13), all cells responding with a voltage ex-
cursion of ca. ± 70 mV cycled at 0.1 and 0.2 mA cm−2 (Figure 13 Panels A and B, respec-
tively) and were still running after 75 days. The chronopotentiometric transients remained 
stable from the beginning to the end of the test. Again, with ChU0.3, cells cycled at 0.5 and 
1 mA cm−2, giving rise to voltage responses of ca. ± 120 and ± 300 mV (Figure 13, red plot, 
Panels C and D, respectively), and were terminated by a short circuit after 58 ± 7 and 7 ± 
4 days, respectively (time between the start and the first short circuit). Cell termination 
occurred from a short circuit within two charge-discharge periods (2 h), exhibiting the 
irregular voltage behavior highlighted with the blue square in Figure 13, Panels C and D. 

Instead, the coin cells containing ChU0.1 (a urea-eutectic electrolyte with 0.1 M 
ZnSO4 and, therefore, lower hydration level; black plots in Figure 14) show an extension 
of the period in which the voltage response of the cell has regular behavior. In fact, a short 
circuit occurs after 33 ± 29 and 3 ± 2 days of cycling at 0.2 and 0.5 mA cm−2, respectively. 
Similar to what we observed for ChU0.3 and ChU0.1, the shape of the transient remains 
regular and stable (Figure 14 Panels A–D, black plot) until a short circuit occurs after a 
couple of irregular cycles (see plot highlighted with the blue square in Figure 14). At 1 mA 
cm−2, the cycles are characterized by square transients of ± 50 mV from the beginning of 
the test (Figure 14 Panel D), suggesting ohmic control, possibly due to the presence of a 
passivation layer, which is, however, fully recovered after a few transients. The fact that 
the chronopotentiometric transients remain regular until cell failure for the systems ana-
lyzed implies a reversible plating/stripping process, as suggested by [48]; If compared 
with similar experiments in an aqueous solution [48], this indicates that urea-based sys-
tems are indeed very promising in view of the stable cycling of Zn anodes. Zn cycling 
stability is further witnessed by the fact that none of the investigated cells fails by pas-
sivation, which is the dominating failure mode for Zn aqueous cells [47,48]. The reason 
for Zn’s cycling behavior lies in the fact that, in the DESs considered in this study, a small 
percentage of water has very low activity because of its coordination function when water 
enters the lattice through hydrogen bonds [51,52]. Indeed, due to its bipolar nature, water 
molecules can act either as HBD or HBA. Specifically, when water is present in a small 
amount (< 5 w/o or < 30 mol.%), it is absorbed in the molecular matrix of DES by forming 
H-bonds with the ions and HBDs. Zhekenov et al. [52] observed similar behavior for dif-
ferent DESs, considering the number of hydrogen bonds forming in water-containing 
pairs: HBD–water, choline ion–water and chloride ion–water. Of course, all these interac-
tions increase with increasing water content, and the HBD–water pair demonstrates the 
most significant change with the formation of a high number of hydrogen bonds as water 
is added into the system; this is also reflected in the high solubility of the components in 
water. Furthermore, the other component pairs (i.e., HBD–choline ion, HBD–chloride ion 
and HBD–HBD) have a descending trend in molecular interactions with the addition of 
water for all DESs. A decrease in these interactions reflects the preference of HBD to form 
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hydrogen bonds with water, owing to its high polarity, rather than with other species 
present in the system. An alternation is observed of potential maxima and minima during 
the entire test period when looking more closely into the long-term cycling response for 
all CDs. According to [49], this indicates a stable plating/stripping process that corre-
sponds to anode durability. Moreover, we observed that the sequence of potential maxima 
and minima exhibits a slight seasonal trend of ca. 40 mV, with a period of 1 day linked to 
the cyclic variation of the ambient temperature. This has been demonstrated with a dedi-
cated experiment in a climatic chamber at a fixed temperature (25 °C), which resulted in 
the suppression of the seasonality. 

Regarding ChEG (green plots in Figure 13), the typical cell-termination mode is by 
passivation; this can be clearly noticed for cycling tests at 0.1, 0.2 and 0.5 mA cm−2, yielding 
lifetimes of 32 ± 7, 21 ± 15 and 4 ± 1 day(s), respectively. Instead, at 1 mA cm−2, a short 
circuit is reached at 16 ± 12 h. The short circuit is of the temporary type due to dissolution 
at OCP of the metal filaments connecting the two electrodes, and after a sequence of a few 
recovered short-circuit events, the cell finally failed by passivation. Quite consistently, all 
three replicates exhibit an alternation between a short circuit and chronopotentiometric 
transient (after the first regular ones), which lasted about 22 ± 9 cycles. Finally, after 13 ± 
3 days the cells reach the cut-off voltage. For 0.1 and 0.2 mA cm−2, the transient amplitude 
goes from ca. ± 70 mV up to ca. ± 400 mV; instead, for 0.5 and 1 mA cm−2, the potential 
excursion is ca. ± 500 mV. Moreover, the cells with EG-based electrolytes sometimes un-
dergo sudden potential excursions—in which both the transient amplitude and shape 
change and then relax after relatively long periods of ca. 9 days—that denote more unsta-
ble behavior of Zn with respect to the smooth potential time series observed with U-based 
electrolytes. 

In the borderline AChU case (blue plots in Figure 13), a higher internal resistance 
prevents the cells from cycling unless low currents are applied; at 0.1 mA cm−2, a gradual 
overpotential growth is observed, leading to the attainment of the cut-off voltage after 9 ± 
2 days. Instead, at 0.2, 0.5 and 1 mA cm−2, the cells reach 2 V right at the beginning of the 
experiment, denoting high internal resistance. These measurements demonstrate the ef-
fect of water within the DES. Indeed, according to [50], the controlled addition of water 
inside the DES tunes the conductivity of the electrolyte. Comparing Figure 13A,E, it is 
clear how the conductivity, and thus the ohmic resistance of the electrolyte, plays a fun-
damental role in cell operation. 

If, on the other hand, the anodic–cathodic switching regime is taken into account 
(Figure 14), it is clearly visible that DES systems have very similar and stable shapes of 
the potential transients. In particular, a good symmetry of the shape of the anodic and 
cathodic transients is noted for U-systems. This behavior suggests good reversibility of 
the plating/stripping processes, also visible at 1 mA cm−2 for ChU0.3. For ChEG, the 
chronopotentiometric transients remain regular and symmetric only at low CDs and for a 
limited period of time; the starting 54 ± 47 cycles at 0.1 and 0.2 mA cm−2 are represented 
in Figure 14 in green. Instead, at 0.5 mA cm−2, the shapes of the cathodic and anodic 
branches of the transients are no longer symmetric, suggesting that—at high CDs—EG 
gives rise to a less stable behavior than U. The same observations also hold for the tests 
carried out at 1 mA cm−2, with the difference that after the first short circuit, the cells re-
sume a regular cycling behavior but with a different transient shape, changing from a 
simplified arc-shape to a double-peak one. Comparing ChU0.3 instead with AChU, the 
second exhibits a similar transient shape but with faster growth due to the presence of 
more pronounced mass transport effects. 

Chronopotentiometric transients were analyzed using the approach and model re-
ported by Bozzini et al. [49]. For parameter-estimation purposes, the time dependence of 
the solutions can be separated into a slow regime, corresponding, on the one hand, to 
dendrite or mossy metal growth and, on the other hand, to passivation and a fast regime 
controlled by cathodic and anodic electrokinetics, mass-transport and nucleation. The fast 
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regime involves the timescale of a single galvanostatic interval (a half period of the gal-
vanostatic square wave) and controls the shape of each individual chronopotentiometric 
transient. According to the shape of the galvanostatic switching transients, it is possible 
to classify the cell response dynamics according to representative ranges of model param-
eters accounting for mass-transport (diffusivity D) and electrocrystallization (maximum 
radius of nuclei, rmax ,and rate of hemispherical bulges formation, k0,hs). The long-term re-
gime describing the evolution of the time series over several GCD cycles is quantified with 
the metal outgrowth rate, FC, and the passivation rate, kpass. 

Based on this model, most of the transients reported in Figure 14 can be traced back 
to an arc-shape transient, and from the comparison between our results and what is re-
ported in [49], it can be concluded that the transient shape is dominated by the low diffu-
sion coefficient of Zn2+ in U-based DESs. This result is in accordance with the fact that 
DESs have higher viscosity and lower conductivity compared with other ionic liquids 
[6,53] or water [49]. Subsequently, it is observed that the diffusion coefficient decreases 
from ChU to ChEG, as expected from the fact that ChEG has a higher conductivity than 
ChU. Based on the shape of the transients reported in Figures 13 and 14, the other param-
eters of the key model were classified as detailed in Table 2. 

Table 2. Summary table of parameters that describe anodic–cathodic switching regime in galvanos-
tatic cycling experiments with symmetric coin cells. 

 ChU0.1 ChU0.3 AChU ChEG 
D [cm2 s−1] 3e−7 3e−7 3e−7 3e−6 

rmax [mm] 0.05 0.05 0.05 
0.037 

 
k0,hs [cm s−1] 3.5e−7 3.5e−7 3.5e−6 3.5e−6 

Shape 

    

As far as the long-term GCD cycling behavior is concerned, the qualitative observa-
tions on outgrowth and passivation propensity found in the time series of Figure 13 can 
be quantitatively framed with the model of [49] and with the parameter assignment of 
Table 3. 

Table 3. FC and kpass values are estimated for the data reported in Figure 13 with the model of [49]. 

 ChU0.1 ChU0.3 AChU ChEG 

FC 
1–450 cycles = 3.1e−7 
450-end cycles = 0 

1–400 cycles = 3.6e−7 
400-end cycles = 0 

1–30 cycles = 7e−6 
30-end cycles = 0 

0 

kpass 0 0 4.14e−6 4e−5 

3.4.2. SEM Analysis of Zn Electrode 
Post-mortem analysis of the structure and morphology of the Zn electrodes cycled in 

the experiments described in Section 3.4.1 and extracted from the coin cells were investi-
gated by SEM. Figure 15 shows the typical morphology of the central area of the dis-
mounted Zn anode electrode cycled at 1 mA cm−2 in two different electrolytes. The elec-
trode morphologies obtained in the two electrolytes are deeply different. Zn cycled in the 
ChU0.3 liquid exhibits homogeneously distributed globular grains. Instead, in ChEG, the 
Zn surface is covered by flat patches of poorly conducting electronic material. In the latter 
case, the overall morphology seems to be controlled by the growth of a ZnO layer during 
the discharge’s half cycle onto electrodeposited Zn, produced during the charge interval. 
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This can be straightforwardly explained by the fact that DESs have a high solubility not 
only for metal salts but also for oxides and hydroxides. This gives an advantage over 
aqueous and organic electrolytes with respect to anode passivation issues; however, ZnO 
solubility in ChU0.3 is much higher than in ChEG. A simple experiment was conducted 
to prove that the solubility of ZnO can be affected by the two different electrolytes, where 
10 mg of ZnO was dissolved in 10 mL of electrolyte and left at 70 °C overnight (Figure 15 
Panel C). After the stirring and heating process, the ChU0.3 DES appears transparent, 
while ChEG looks milky white. 

 
Figure 15. SEM images of Zn anode extracted from the cells with ChU0.3 and ChEG electrolytes 
cycled at 1 mA cm−2 in the experiments reported in Figure 13 (Panels (A,B)) and dissolution of 10 
mg ZnO in 10 mL of ChU0.3 (left side) and ChEG (right side) (Panel (C)). 

As far as Zn grain size is concerned, this increases in the order of ChEG < ChU0.3. 
The grain size and its relationship with nucleation mode can be correlated to the viscosity 
of the system used, and it—according to the theory of [44,45]—has a bearing on the nu-
clei’s number density. ChU0.3 exhibits the highest viscosity among the investigated DESs, 
which could explain why the largest Zn grain sizes have been observed with this electro-
lyte. Moreover, the nucleation overpotential can be estimated by analysis of the rising 
front of cell voltage after the subtraction of ohmic contribution. In alkaline aqueous elec-
trolytes, the nucleation overpotential decreases from 190 mV in DESU0.3 and 180 mV in 
DESEG electrolytes to 70 mV. Although the dissolution of metal oxide in DES seems to be 
a common practice in metal electroplating, only a few studies concerning the dissolution 
mechanisms and dissolved species are available. In particular, [54] shows that the solubil-
ity of ZnO increases in the urea > ethylene glycol order, coherent with our observation of 
Figure 15 Panel C. This result fits well with the literature’s data on ZnO solubility in ChU 
and ChEG [55], even if a clear explanation of the influence of HBD in the solvation mech-
anism was not reported. Similar to ILs, the availability of coordinating ligands appears to 
be important for the dissolution of metal oxides. The high solubility of transition-metal 
oxides is, in some cases, due to their ability to complex with urea. When ZnO dissolves in 
the deep eutectic solvent, the oxygen remains attached to the metal center, and urea acts 
as a ligand forming [ZnClO(urea)]−. In addition, [56] reports that urea is a stronger HBD 
than ethylene glycol, and its higher electronegativity can be used to explain the dissolu-
tion mechanism. Indeed, Zn is a “late” and “hard” metal (i.e., a relatively electronegative 
metal, sitting on the right-hand side of the periodic table that tends to retain its valence 
electrons), which tends to form more stable complexes with a “hard” ligand (i.e., ligands 
that are small, difficult to polarize and predominantly form ionic bonds). These species 
bind better to “hard” cations, such as H+ and Zn2+, which are also small and difficult to 
polarize. We can thus conclude that the coordination with a stronger ligand, such as urea, 
results in better passivation suppression. The milky-white appearance of the ChEG + ZnO 
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can thus be attributed to the formation of a stable colloidal suspension rather than a com-
plete dissolution process. Ethylene glycol can act more like a suspending agent rather than 
as a complex former for Zn2+. Indeed, some of the literature reports the use of polyol for 
the preparation of metal-oxides nanoparticles, yielding a stable colloidal suspension [57]. 
Given the above, the cell cycling behavior can be explained on the basis of a higher solu-
bility of ZnO in ChU, resulting in the fact that cycling tests performed with U-series elec-
trolytes exhibit more regular cathodic–anodic potential transients and failures by short 
circuits. Instead, the cycling of cells with EG-series electrolytes is characterized by more 
irregular potential transients (especially at high CDs) and failure by passivation. 

4. Conclusions 
In this work, two green, biocompatible and low-cost deep eutectic solvents (DESs) 

were studied as alternative electrolytes for rechargeable Zn batteries. We demonstrated 
that the addition of water could reduce the viscosity of the electrolyte to a level that en-
sures adequately low-anodic and -cathodic overpotentials and optimal discharge/charge 
cyclability. In addition, we compared the effects of the two hydrogen-bond donors (HBDs) 
considered, pointing out differences in cell life duration and failure mode. Specifically, 
cells with ChEG and ChU electrolytes fail by passivation and short circuits, respectively. 
Chronopotentiometric transients remain regular with the ChU0.3 electrolyte until cell fail-
ure, and this correlates well with multiple CV measurements showing the reversible plat-
ing/stripping of Zn in this system. It is worth noting that our cell cycling tests were carried 
out at higher current densities (CDs) and yielded longer lifetimes than in the literature. 
The unusual CVs patterns observed with gold and glassy carbon (GC) electrodes, featur-
ing cathodic peaks on both the forward and backward peaks, were elucidated thanks to 
complementary electrochemical and in situ Raman measurements. In addition to the fun-
damental electrochemical insight gained in this work regarding Zn electrochemistry in 
DESs, we have highlighted that the ChU0.3 electrolyte is a promising candidate for re-
chargeable Zn batteries from the technological viewpoint, showing that implementation 
of hydrated DESs opens a new route for extended cyclability of rechargeable batteries 
with Zn anodes. 

Author Contributions:  

Funding:  

Institutional Review Board Statement:  

Informed Consent Statement:  

Data Availability Statement:  

Conflicts of Interest:  

References 
1. Wu, J.; Liang, Q.; Yu, X.; Lü, Q.-F.; Ma, L.; Qin, X.; Chen, G.; Li, B. Deep eutectic solvents for boosting electrochemical energy 

storage and conversion: A review and perspective. Adv. Funct. Mater. 2021, 31, 2011102. 
2. Luciana, I.N.; Tomé; Baião, V.; da Silva, W.; Brett, C.M.A. Deep eutectic solvents for the production and application of new 

materials. Appl. Mater. Today 2018, 10, 30–50. 
3. Arnaboldi, S.; Mezzetta, A.; Grecchi, S.; Longhi, M.; Emanuele, E.; Rizzo, S.; Arduini, F.; Micheli, L.; Guazzelli, L.; Mussini, P.R. 

Natural-based chiral task-specific deep eutectic solvents: A novel, effective tool for enantiodiscrimination in electroanalysis. 
Electrochim. Acta 2021, 380, 138189. 

4. Abo-Haman, A.; Hayyan, M.; Al-Saadi, M.A.; Hashim, M.A. Potential applications of deep eutectic solvents in nanotechnology. 
Chem. Eng. J. 2015, 273, 551–567. 

5. Brett, C.M.A. Deep eutectic solvents and applications in electrochemical sensing. Curr. Opin. Electrochem. 2018, 10, 143–148. 
6. Smith, E.L.; Abbott, A.P.; Ryder, K.S. Deep eutectic solvents (DESs) and their applications. Chem. Rev. 2014, 114, 11060−11082. 
7. Wu, J.; Liang, Q.; Yu, X.; Lü, Q.-F.; Ma, L.; Qin, X.; Chen, G.; Li, B. Deep eutectic solvents for boosting electrochemical energy 

storage and conversion: A review and perspective. Adv. Funct. Mater. 2021, 31, 2011102. 



Molecules 2023, 28, x FOR PEER REVIEW 24 of 25 
 

 

8. Boisset, A.; Jacquemin, J.; Anoutia, M. Physical properties of a new Deep Eutectic Solvent based on lithium bis[(trifluoromethyl) 
sulfonyl imide and N-methylacetamide as superionic suitable electrolyte for lithium-ion batteries and electric double layer ca-
pacitors. Electrochim. Acta 2013, 102, 102−126. 

9. Cao, J.; Zhang, D.; Zhang, X.; Zeng, Z.; Qin, J.; Huang, Y. Strategies of regulating Zn2+ solvation structures for dendrite-free and 
side reaction-suppressed zinc-ion batteries. Energy Environ. Sci. 2022, 15, 499–528. 

10. Geng, L.; Wang, X.; Han, K.; Hu, P.; Zhou, L.; Zhao, Y.; Luo, W.; Mai, L. Eutectic electrolytes in advanced metal-ion batteries. 
ACS Energy Lett. 2022, 7, 247−260. 

11. Di Pietro, M.E.; Mele, A. Deep eutectics and analogues as electrolytes in batteries. J. Mol. Liq. 2021, 338, 116597. 
12. Neumann, J.; Petranikova, M.; Meeus, M.; Gamarra, J.D.; Younesi, R.; Winter, M.; Nowak, S. Recycling of lithium-ion batteries—

Current state of the art, circular economy, and next generation recycling. Adv. Energy Mater. 2022, 12, 2102917. 
13. Grecchi, S.; Arnaboldi, S.; Rizzo, S.; Mussini, P.R. Advanced chiral molecular media for enantioselective electrochemistry and 

electroanalysis. Curr. Opin. Electrochem. 2021, 30, 100810. 
14. Shi, J.; Sun, T.; Bao, J.; Zheng, S.; Du, H.; Li, L.; Yuan, X.; Ma, T.; Tao, Z. “Water-in-deep eutectic solvent” electrolytes for high-

performance aqueous Zn-ion batteries. Adv. Funct. Mater. 2021, 31, 2102035. 
15. Kao-ian, W.; Pornprasertsuk, R.; Thamyongkit, P.; Maiyalagan, T.; Kheawhom, S. Rechargeable zinc-ion battery based on 

choline chloride-urea deep eutectic solvent. J. Electrochem. Soc. 2019, 166, A1063−A1069. 
16. Wu, S.-C.; Tsa, M.-C.; Liao, H.-J.; Su, T.-Y.; Tang, S.-Y.; Chen, C.-W.; Lo, H.-A.; Yang, T.-Y.; Wang, K.; Ai, Y.; et al. Intercalation 

of zinc monochloride cations by deep eutectic solvents for high-performance rechargeable non-aqueous zinc ion batteries. ACS 
Appl. Mater. Interfaces 2022, 14, 7814–7825. 

17. Zhao, J.; Zhang, J.; Yang, W.; Chen, B.; Zhao, Z.; Qiue, H.; Dong, S.; Zhou, X.; Cui, G.; Chen, L. “Water-in-deep eutectic solvent” 
electrolytes enable zinc metal anodes for rechargeable aqueous batteries. Nano Energy 2019, 57, 625–634. 

18. Wang, Y.; Niu, Z.; Zheng, Q.; Zhang, C.; Ye, J.; Dai, G.; Zhao, Y.; Zhang, X. Zn-based eutectic mixture as anolyte for hybrid 
redox flow batteries. Sci. Rep. 2018, 8, 5740. 

19. AAbbott, P.; Barron, J.C.; Frisch, G.; Gurman, S.; Ryder, K.S.; Silva, A.F. Double layer effects on metal nucleation in deep eutectic 
solvents. Phys. Chem. Chem. Phys. 2011, 13, 10224–10231. 

20. Abbott, A.P.; Barrona, J.; Frisch, G.; Ryder, K.S.; Silva, A.F. The effect of additives on zinc electrodeposition from deep eutectic 
solvents. Electrochim. Acta 2011, 56, 5272–5279. 

21. Vieira, L.; Schennach, R.; Gollas, B. The effect of the electrode material on the electrodeposition of zinc from deep eutectic 
solvents. Electrochim. Acta 2016, 197, 344–352. 

22. Vieira, L.; Whitehead, A.H.; Gollas, B. Mechanistic Studies of Zinc Electrodeposition from Deep Eutectic Electrolytes. ECS Trans. 
2013, 50, 83–94. 

23. Wang, X.; Xu, C.; Liu, H.; Huang, M.; Ren, X.; Wang, S.; Hua, Y.; Zhang, Q.; Ru, J. Influence of chloride ion on zinc electrodepo-
sition from choline chloride based deep eutectic solvent. Ionics 2020, 26, 1483–1490. 

24. Pereira, N.M.; Pereira, C.M.; Araújo, J.P.; Silva, A.F. Zinc electrodeposition from deep eutectic solvent containing organic addi-
tives. J. Electroanal. Chem. 2017, 801, 545–551. 

25. Whitehead, A.H.; Pölzler, M.; Gollas, B. Zinc electrodeposition from a deep eutectic system containing choline chloride and 
ethylene glycol. J. Electrochem. Soc. 2010, 157, D328–D334. 

26. Gutiérrez, E.; Rodriguez, J.A.; Cruz-Borbolla, J.; Castrillejo, Y.; Barrado, E. Electrochemical behavior Zn(II) at carbon steel elec-
trode in deep eutectic solvents based on choline chloride. Int. J. Electrochem. Sci. 2017, 12, 8860–8867. 

27. Abbott, A.P.; Al-Barzinjy, A.A.; Abbott, P.D.; Frisch, G.; Harris, R.C.; Hartley, J.; Ryder, K.S. Speciation, physical and electrolytic 
properties of eutectic mixtures based on CrCl3·6H2O and urea. Chemical Physics, 2014, 16, 9047–9055. 

28. Ma, C.; Laaksonen, A.; Liu, C.; Lu, X.; Ji, X. The peculiar effect of water on ionic liquids and deep eutectic solvents. Chem. Soc. 
Rev. 2018, 47, 8685–8720. 

29. Hammond, O.S.; Bowron, D.T.; Edler, K.J. Liquid structure of the choline chloride-urea deep eutectic solvent (reline) from neu-
tron diffraction and atomistic modeling. Green Chem. 2016, 18, 2736–2744. 

30. Chen, Z.; McLean, B.; Ludwig, M.; Stefanovic, R.; Warr, G.G.; Webber, G.B.; Page, A.J.; Atki, R. Nanostructure of deep eutectic 
solvents at graphite electrode interfaces as a function of potential. J. Phys. Chem. 2016, 120, 2225–2233. 

31. Hammond, O.S.; Li, H.; Westermann, C.; Al-Murshedi, A.Y.M.; Endres, F.; Abbott, A.P.; Warr, G.G.; Edler, K.J.; Atkin, R. Na-
nostructure of the deep eutectic solvent/platinum electrode interface as a function of potential and water content. Nanoscale 
Horiz. 2019, 4, 158–168. 

32. Puttaswamy, R.; Mondal, C.; Mondal, D.; Ghosh, D. An account on the deep eutectic solvents-based electrolytes for rechargeable 
batteries and supercapacitors. Sustain. Mater. Technol. 2022, 33, e00477. 

33. Yang, W.; Du, X.; Zhao, J.; Chen, Z.; Li, J.; Xie, J.; Cui, Z.; Kong, Q.; Zhao, Z.; Wang, C.; et al. Hydrated Eutectic Electrolytes with 
Ligand-Oriented Solvation Shells for Long-Cycling Zinc-Organic Batteries. Joule 2020, 4, 1557–1574. 

34. Lin, X.; Zhou, G.; Robson, M.J.; Yu, J.; Kwok, S.C.T.; Ciucci, F. Hydrated deep eutectic electrolytes for high-performance Zn-ion 
batteries capable of low-temperature operation. Adv. Funct. Mater. 2022, 32, 2109322. 

35. Han, M.; Huang, J.; Xie, X.; Li, T.C.; Huang, J.; Liang, S.; Zhou, J.; Fan, H.J. Hydrated eutectic electrolyte with ligand-oriented 
solvation shell to boost the stability of zinc battery. Adv. Funct. Mater. 2022, 32, 2110957. 

36. Haerens, K.; Matthijs, E.; Binnemans, K.; Van der Bruggen, B. Electrochemical decomposition of choline chloride based ionic 
liquid analogues. Green Chem. 2009, 11, 1357–1365. 



Molecules 2023, 28, x FOR PEER REVIEW 25 of 25 
 

 

37. Simons, T.; Torriero, A.; Howlett, P.; MacFarlane, D.; Forsyth, M. High current density, efficient cycling of Zn2+ in 1-ethyl-3-
methylimidazolium dicyanamide ionic liquid: The effect of Zn2+ salt and water concentration. Electrochem. Commun. 2012, 18, 
119–122. 

38. Bozzini, B.; D’Autilia, M.C.; Mele, C.; Sgura, I. Fourier analysis of an electrochemical phase formation model enables the ratio-
nalization of zinc-anode battery dynamics. Appl. Eng. Sci. 2021, 5, 100033. 

39. Rüetschi, P.; Delahay, P. Hydrogen overvoltage and electrode material. A theoretical analysis. J. Chem. Phys. 1955, 23, 195–199. 
40. Bozzini, B.; Bund, A.; Busson, B.; Humbert, C.; Ispas, A.; Mele, C. Abderrahmane Tadjeddin, An SFG/DFG investigation of CN_ 

adsorption at an Au electrode in 1-butyl-1-methyl-pyrrolidinium bis(trifluoromethylsulfonyl) amide ionic liquid. Electrochem. 
Commun. 2010, 12, 56–60. 

41. Zhang, N.; Wang, X.-R.; Yuan, Y.-X.; Wang, H.-F.; Xu, M.-M.; Ren, Z.-G.; Yao, J.-L.; Gu, R.-A. Probing double layer structure at 
Au/[BMIm]BF4 interface by molecular length-dependent SERS Stark effect. J. Electroanal. Chem. 2015, 751, 137–143. 

42. Ramirez, C.; Bozzini, B.; Calderon, J. In Situ SERS and ERS assessment of the effect of triethanolamine on zinc electrodeposition 
on a gold electrode. Electrochim. Acta 2017, 248, 270–280. 

43. Huerta, F.; Mele, C.; Bozzini, B.; Morallón, E. Voltammetric and in situ FTIRS study on CN− and Au(CN)−x complexes at the 
polycrystalline gold surface in citrate medium. J. Electroanal. Chem. 2004, 569, 53–60. 

44. Gunawardena, G.; Hills, G.; Montenegro, I.; Scharifker, B. Electrochemical nucleation. J. Electroanal. Chem. 1982, 138, 225–239. 
45. Scharifker, B.; Hills, G. Theoretical and experimental studies of multiple nucleation. Electrochim. Acta 1983, 7 879–889. 
46. Smith, E.L.; Barron, J.C.; Abbott, A.P.; Ryder, K.S. Time resolved in situ liquid atomic force microscopy and simultaneous acous-

tic impedance electrochemical quartz crystal microbalance measurements: A study of Zn deposition. Anal. Chem. 2009, 81, 8466–
8471. 

47. Yang, H.; Reddy, R.G. Electrochemical deposition of zinc from zinc oxide in 2:1 urea/choline chloride ionic liquid. Electrochim. 
Acta 2014, 147, 513–519. 

48. Zhang, Q.; Yang, Z.; Ji, H.; Zeng, X.; Tang, Y.; Sun, D.; Wang, H. Issues and rational design of aqueous electrolyte for Zn-ion 
batteries. SusMat 2021, 1, 432–447. 

49. Rossi, F.; Mancini, L.; Sgura, I.; Boniardi, M.; Casaroli, A.; Kao, A.P.; Bozzini, B. Insight into the Cycling Behaviour of Metal 
Anodes, Enabled by X-ray Tomography and Mathematical Modelling. ChemElectroChem 2022, 9, e202101537. 

50. Kim, J.Y.; Liu, G.; Shim, G.Y.; Kim, H.; Lee, J.K. Functionalized Zn@ZnO Hexagonal Pyramid Array for Dendrite-Free and 
Ultrastable Zinc Metal Anodes. Adv. Funct. Mater. 2020, 30, 2004210. 

51. Ma, C.; Laaksonen, A.; Liu, C.; Lu, X.; Ji, X. The peculiar effect of water on ionic liquids and deep eutectic solvents. Chem. Soc. 
Rev. 2018, 47, 8685–8720. 

52. Zhekenov, T.; Toksanbayev, N.; Kazakbayeva, Z.; Shah, D.; Mjalli, F.S. Formation of type III deep eutectic solvents and effect of 
water on their intermolecular interactions. Fluid Phase Equilibria 2017, 441, 43–48. 

53. Tomé, L.I.N.; Baião, V.; da Silva, W.; Brett, C.M.A. Deep eutectic solvents for the production and application of new materials. 
Appl. Mater. Today 2018, 10, 30–50. 

54. Richter, J.; Ruck, M. Synthesis and dissolution of metal oxides in ionic liquids and deep eutectic solvents. Molecules, 2020, 25, 
78. 

55. Abbott, A.P.; Capper, G.; Davies, D.L.; McKenzie, K.J.; Obi, S.U. Solubility of metal oxides in deep eutectic solvents based on 
choline chloride. J. Chem. Eng. Data 2006, 51, 1280–1282. 

56. Abbott, A.P.; Capper, G.; Davies, D.L.; Rasheed, R.K.; Shikotra, P. Selective extraction of metals from mixed oxide matrixes 
using choline-based ionic liquids. Inorg. Chem. 2005, 44, 19, 6497–6499. 

57. Feldmann, C. Polyol-mediated synthesis of nanoscale functional materials. Adv. Funct. Mater. 2003, 13, 101–107. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 

 


