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ABSTRACT

Zinc-Ion batteries (ZIBs) emerge as a promising technology in the post-lithium-ion era, offering high
theoretical energy density, lower manufacturing costs, and enhanced safety. Zn?* solvation plays a
crucial role in the performance and durability of ZIBs, that warrant research since they are still far
from industrial standards. As far as Zn?* solvation is concerned, in aqueous electrolytes, two types of
water molecules are found: free water molecules and solvated water molecules that participate in Zn>*
solvation structure [Zn(H,O)s]*". The free water easily reacts with metallic Zn at the
electrode/electrolyte interface, leading to a range of parasitic processes that critically impact
durability: hydrogen evolution, passivation, and anode shape changes. Alternative electrolytes such
as Deep Eutectic Solvents (DESs) can be used to modulate the Zn solvation shell and limit free water
molecules, while still preserving the green and safe characteristics of aqueous-based ones. The
electrolyte-electrode interface and zinc solvation structure are effectively tuned by adjusting the
hydration percentage of DES, leading to improved Zn plating and stripping processes. This study
investigates the electrochemical behavior of zinc in ethaline DES with varying water contents,
transitioning from water-in-salt to salt-in-water structures. Electrokinetic and electro-crystallization
analyses were performed using cyclic voltammetry and chronoamperometry, complemented by
galvanostatic cycling tests of Zn|Zn symmetric cells while ions speciation and DES transitions were
followed by Spontaneous Raman, Stimulated Raman Scattering (SRS) and Impulsive Stimulated
Raman Scattering (ISRS) spectroscopies. Moreover, in situ Surface-Enhanced Raman spectroscopy
(SERS) was used to follow the interface changes and organic component degradation. The results
highlight the impact of hydration on the electrochemical stability and zinc deposition mechanisms,
providing crucial insights for optimizing ZIB anode performance.
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1. INTRODUCTION

Lithium-ion batteries (LIBs) dominate the energy storage market due to their high energy density,
long cycle life, lightweight design, and rapid charging capabilities [1]. However, growing concerns
regarding safety and the limited availability of lithium resources have driven the exploration of
alternative energy storage systems [2]. Zinc-ion batteries (ZIBs) have emerged as a promising
alternative, offering substantial technological potential. These advantages include high theoretical
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energy density, cost-effective manufacturing, abundant raw materials, and enhanced safety featiiges:
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[3-5]. ZIBs typically operate with neutral or weakly acidic aqueous electrolytes, but face several
challenges, such as hydrogen evolution, passivation, and shape changes at the Zn anode [6, 7].

In aqueous electrolytes, water molecules exist in two forms: free water molecules and solvated water
molecules that participate in the Zn?* solvation structure, [Zn(H,0)¢]**. The solvation effect weakens
the O-H bond, accelerating water decomposition during zinc deposition, while free water easily reacts
with metallic Zn at the electrode|electrolyte interface, leading to the aforementioned irreversible
processses [8, 9].

Reducing the number of free water molecules in the electrolyte is thus critical for minimizing side
reactions and improving Zn plating/stripping reversibility. Deep eutectic solvents (DESs) offer a
potential alternative to aqueous electrolytes, allowing modulation of the Zn solvation shell while
retaining the environmentally friendly and safe properties of water-based systems. DESs are mixtures
of two components: a hydrogen bond donor (e.g., amides, carboxylic acids, or polyols) and a
hydrogen bond acceptor (e.g., quaternary ammonium salts), forming a eutectic mixture with a melting
point lower than that of the individual components [10]. DESs share similar properties with ionic
liquids (ILs), such as good thermal stability, low vapor pressure, and high electrochemical stability,
but with advantages such as lower cost, non-toxicity, and biodegradability [11-14].

Although DESs have many advantageous properties for battery applications, , their sluggish kinetics,
high viscosity and low ionic diffusivity pose significant challenges for electrochemical applications
[15]. To address these drawbacks, water can be added as a cosolvent to reduce viscosity and increase
the diffusion coefficient of electroactive species without disrupting the eutectic structure, up to a
hydration limit of 40-50 vol% [16]. The addition of water to DES can modify both the electrolyte-
electrode interface (tuning the thickness) and the Zn?* solvation structure. It is thus crucial to develop
a grasp over the tuning capabilities of the solution chemistry and of the electrode—electrolyte
interfacial structure and chemistry. In principle, the combined use of DES and water provides a
flexible tool to achieve this goal.

Ibrahimi et al. demonstrated that the addition of a cosolvent to a ChCl/Urea DES solution
significantly alters zinc deposition kinetics, affecting the nucleation process and shifting from a 2D
nucleation mechanism in pure DES to a 3D progressive nucleation mechanism with the cosolvent
[17, 18]. Water acts as an effective cosolvent, reducing viscosity and enhancing conductivity, forming
a "water-in-eutectic" structure. However, beyond a certain hydration level, the system transitions
from a "water-in-eutectic" structure to a typical aqueous solution, making careful hydration control
crucial [19].

Batteries cycled with controlled hydration levels demonstrate better cycling performance compared
to anhydrous systems [20-24]. For example, Yang et al. reported that a hydrated DES
(Zn(ClOy4),'6H,0O/SN) achieved dendrite-free Zn plating/stripping with a 98% cathodic efficiency and
stable polarization voltage [22]. Similarly, Han et al. demonstrated that Zn(CIlO,),"6H,O/MSM
electrolytes enabled stable Zn plating/stripping for over 2000 hours at 0.05 mA cm™, with stable
voltage even at high current densities (2 mA c¢cm™2) [20]. In other studies, cells with Zn(TFSI),-
sulfonane-H,O electrolytes cycled stably for over 8800 hours at 0.5 mA c¢cm™2 and over 9600 hours at
1 mA cm™ [21], and cells using Znotf/EG/H,O maintained stable performance for 4500 hours at
higher current densities [23].
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Despite these promising results, the role of water in DES remains unclear, with claims sugsestifign:
that no "free" water exists in these systems. Instead, water molecules are believed to interact directly
with DES components in a "confined" state within the eutectic framework [24]. Water increases
conductivity, ion diffusivity, and dissociation, leading to a lower activation energy and improved
reaction kinetics. A finely tuned water-deficient solvation structure has been shown to enable high
ion dissociation while suppressing detrimental water activity [23]. For example, Shi et al.
demonstrated that zinc electrodeposition involves successive desolvation reactions, with the aquo
complex desolvation energy being lower than that of other species [25]. Abbott ef al. further studied
Zn coordination in ChCl/U and ChCI/EG DESs, showing that when ZnSO, is dissolved in anhydrous
ethaline, [ZnCl,]*" is formed and stabilized by choline [26, 16]. Our previous work [27] revealed
unusual voltammetric behavior due to Zn?* coordination in DESs, characterized by a cathodic peak
corresponding to Zn deposition from an intermediate Zn species (Z), formed through the reduction
or deprotonation of choline chloride (ChCI) and/or ethylene glycol (EG). In [27], we investigated the
effect of different cathodic materials on the kinetics of Zn electrodeposition. However, a mechanistic
understanding of the effect of water on the eutectic network and Zn solvation, as it relates to
electrochemical performance, was completely lacking.

While several studies have reported improved cycling stability in hydrated DES systems, to the best
of our knowledge, the unusual voltammetric behavior and potential-time transients observed in
hydrated DES electrolytes have not been extensively explored.

In this study, we investigate the electrochemistry of Zn in ethaline (DESEG) with varying water
contents (0 wt%, 1 wt%, 3 wt%, 10 wt%, 20 wt%, and 50 wt%), transitioning from a "water-in-salt"
structure to a "salt-in-water" structure. Our goal is to understand the role of water in Zn coordination,
the eutectic structure, and the formation of the Z intermediate. Electrokinetic and electro-
crystallization studies were conducted using cyclic voltammetry (CV) and chronoamperometry (CA),
complemented by galvanostatic cycling tests in Zn|Zn symmetric CR2032 coin cells. Additionally,
the Zn solvation structure was investigated using a combination of vibrational spectroscopies,
including Spontaneous Raman, Stimulated Raman Scattering (SRS), and Impulsive Stimulated
Raman Scattering (ISRS). Interfacial changes and decomposition of the electrolyte were followed by
in situ Surface-Enhanced Raman Spectroscopy (SERS). This multi-technique approach provides
valuable insights into the Zn plating reaction and offers a framework for optimizing DES hydration,
reducing free water content, and mitigating the main drawbacks associated with eutectic electrolytes.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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2. MATERIALS AND METHODS

2.1. Synthesis of Deep Eutectic Solvents

2.1.1. Synthesis of anhydrous Ethaline:

A pre-drying process was performed to eliminate the crystallization water of choline chloride, and
ZnSOy (reagent plus, > 99% Sigma-Aldrich) 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 anhydrous ethaline, which was then used for the preparation of
DES EG. Ethaline was first prepared by combining ethylene glycol (C,H¢O,) (reagent plus, > 99%
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Sigma-Aldrich) and choline chloride (CsH;4CINO, Sigma-Aldrich 99%) (2:1 melar, ratigy 4t ac:s

95D
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temperature of 70 °C for 1 h until a homogeneous colorless solution was obtained. Then, ZnSO,4 was
added to ethaline to obtain a 0.3M solution used as electrolyte for coin cell cycling.

2.1.2. Synthesis of Hydrated Ethaline:

To regulate the electrolyte's hydration percentage, a precise quantity of water was introduced after
the synthesis of anhydrous ethaline, prepared as described in section 2.1.1. As indicated in the
introduction, the liquid structure of the DES remains intact in the presence of water up to 50 vol%.
Consequently, six distinct hydration levels were chosen to test the liquid structure behavior in
different liquid structure conditions ranging from 0%-50% in electrochemical tests and 0%-99% for
Raman spectroscopy studies. To create DES with varying hydration levels, a 0.3M water solution of
ZnSOy (reagent plus, > 99% Sigma-Aldrich) was added, ensuring a constant concentration of Zn>"
species.

2.2 Coin Cell fabrication:

Cycling tests were carried out in symmetric CR2032 coin cells. The electrodes were Zn disks 12 mm
in diameter, punched from 250 pm thick foil. The separator consisted of glass microfiber disks 19
mm in diameter and 260 um thick. An amount of 120 pL of electrolyte, prepared as described in
Section 2.1.1 and 2.1.2, was added to the cell.

2.3. Electrochemical Measurements:

2.3.1. Cyclic voltammetry (CV)

CV measurements were performed in a three-electrode cell with an Ag/AgCl 3M KCI reference
electrode (RE)(AMEL 373/SSG/12, Milano, Italy) and platinum counter electrode (CE). All
potentials in this work are referenced to the Ag/AgCl 3 M KCl electrode unless otherwise stated. A
Zn rod with a surface area of 79.94 mm? was employed as Working electrode (WE). The cell
contained 40 mL of electrolyte (see Section 2.1 for the composition), which was degassed by Ar
bubbling (0.5 nlt min~!,30 min) before running the experiment and kept under a blanket of flowing
Ar during the electrochemical measurements. CVs were performed with a VMP-300 BioLogic
potentiostat/galvanostat at 10 mV s™!. Specifically, before each experiment, the electrode was washed
with 50% HNO;, gently polished with alumina suspension 0.05 um (ALLIED, Hanover, MD, USA)
and finally rinsed with DI water and acetone. The RE and all cell components were thoroughly
washed with DI water.

2.3.2. Rotating disk electrode (RDE)

The role of intermediate products and activity of side reactions were evaluated using a rotating disk
electrode (RDE) setup (Pine Research Instrumentation, based on an MSR Rotator), driven with
rotational speed controller (Model AFMSRCE, Pine Instrument Co.) coupled with a potentiostat
(VMP-300, Biologic Science Instruments). A typical three electrode system was employed, including
a glassy carbon electrode (GC, Diameter 5 mm, Pine research Instrumentation) as the working
electrode, a platinum wire (AMEL), as the counter electrode, and Ag/AgCl 3M KCI reference
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electrode (AMEL 373/SSG/12, Milano, Italy). The working electrode was polished befote: eachi e
measurement with 0.3 um alumina on microcloth, washed with acetone and then dried. The Pt ring

was cleaned with acetone on a cotton paper.
2.3.3 Chronopotentiometry (CP)

CP experiments were conducted using the same set-up mentioned in section 2.3.1, using a Zn foil
with an area of 0,382 cm as the working electrode. A 0.3M ZnSO, solution in DES ChEG was used
at 30 °C imposing a current of -0.191 mA to obtain a current density 0.5 mAcm for a total of 30
min.

2.3.3. Galvanostatic-charge-discharge cycles (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 0.5 mA c¢cm2 for 30

min at each current density (CD), and the voltage was limited by setting the cut-off to + 4 V. Cell
assembly is reported in Figure S1.

2.4. Electrolyte Characterization

2.4.1 Raman Spectroscopy

Raman spectra of the Electrolyte were measured with a Renishaw InVia micro-Raman spectrometer,
equipped with diode-pumped solid-state lasers emitting at 532 nm or 660 nm excitation wavelengths.
The laser was focused on the sample using a 50 X objective and the laser power on the sample was
varied in the ranges: 0.07 — 70 mW (for 532 nm) and 0.0754 — 75.4 mW (for 660 nm).

2.4.2 SRS and ISRS

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

SRS spectra are generated by the joint action of a narrowband Raman pump (RP) and a broadband
probe pulse (PP) [28]. When the frequency difference between the RP and PP spectral components
matches a vibrational mode, the Raman signal is coherently stimulated and emitted in the probe
direction. Both the Raman and probe pulses for the SRS experiment are generated from a Ti:Sapphire
laser source, which outputs 40 fs transform-limited pulses centered at 800 nm, with an energy of 2.5
mlJ at 1 kHz repetition rate. The RP is synthesized using a commercial two-stage optical parametric
amplifier (Light Conversion TOPAS-C) [29], which outputs tunable IR-visible pulses. These pulses
are subsequently frequency-doubled at 630 nm and spectrally compressed via second harmonic and
sum frequency generation [30] in a 25 mm-thick beta barium borate crystal. Then the Raman pulse is
spectrally narrowed using a (4f) spectral filter, simultaneously rectifying its temporal profile [31].
The energy of the RP is adjusted using a variable attenuator, delivering 1uJ pulses onto the sample.
To produce the PP, a small fraction of the laser is focused onto a 3 mm sapphire crystal, generating a
broadband white light continuum. The pulses are finally focused onto the sample in a non-collinear
geometry (~ 5°), and the PP spectrum is recorded using a charge-coupled device (CCD) detector after
being dispersed by a spectrometer, collecting the blue side SRS response, or stimulated Raman loss
[32]. To record consecutive probe spectra in the presence and absence of the RP, a synchronized
chopper blocks the RP at 500 Hz. Additional details on the SRS setup can be found in [33].

Open Access Article. Published on 06 mars 2025. Downloaded on 10.3.2025 21:53:37.
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The pump and the probe pulses used for the broadband ISRS experiment [34-37] are synthesized from
a Yb laser, which generates 1030 nm pulses at a 20 kHz repetition rate and with an energy of 0.5 mJ.
The pump is obtained by a home-made non-collinear optical parametric amplifier [29], which
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generates ultra-broadband (700-1000 nm) pulses [38], compressed down to 10fs by a pair of chirped:

5D
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mirrors [39]. The fluence is controlled by a variable attenuator and the energy acting on the sample
is maintained below 800 nJ per pulse. The broadband probe pulse is synthesized using the same
method as in the SRS experiments, by focusing a small fraction (approximately 1 pJ) of the laser
beam onto a 3 mm sapphire crystal, obtaining a broadband white light continuum. The pump and the
prob pulses are then focused onto the sample in a non-collinear geometry (~ 5°).

2.4.3 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 objective 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
Oxidation-Reduction cycling (ORC ) treatment which consisted of cycling the electrode in a separated
cell in 0.1 M KClI solution, from 0.3 to 1.2V at 500 mVs™! fifty times: a typical ORC cycle is shown
in Figure 6. In situ Raman spectra were collected during potentiostatic polarization of the gold
electrode at a series of potentials covering the span investigated by voltammetry.

3. RESULTS AND DISCUSSION

The electrokinetic and electrode reaction processes governing Zn electrodeposition in Ethaline, with
varying degrees of hydration, were investigated using cyclic voltammetry (CV) on both stationary
and rotating disk electrodes, as well as chronoamperometric (CA) measurements.

Initially, stationary CV was performed using Ethaline without ZnSO,4 at 30°C, under different
hydration levels (Figure 1, panel B). The scan started cathodically from —1.25 V vs Ag/AgCl (to
prevent Zn electrode corrosion) and extended to —1.8 V, at a scan rate of 10 mV s™".

The cathodic potential limits reported for anhydrous DES EG are attributed to the reduction of choline
ions (Ch*) or ethylene glycol. As described in our previous work [27], quaternary ammonium salts
can undergo electrochemical decomposition, leading to the formation of trimethylamine and ethanol
radicals or dimethylaminoethanol and methyl radicals. Furthermore, the trimethylamine formed can
be deprotonated by either OH™ or He, forming HCN.

When water is added to the anhydrous eutectic electrolyte, an increase in current density is observed
along with a slight decrease in the electrochemical stability window (ESW). The widening of the
ESW can be achieved due to the suppression of water splitting in low-hydration electrolytes. In
contrast, water clusters and free-water molecules in highly hydrated eutectic electrolytes promote the
transfer of protons/hydroxides, thus favoring the hydrogen evolution reaction (HER).

When water is added into the hydrogen bond network of the eutectic system, intrinsic H,O-H,O
hydrogen bonds break, forming clusters of choline-H,O and chloride-H,O hydrogen bonds.

6
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Consequently, water hydrates the pure DES by sequestering around the cholinium catign and ghlotiden
anion, although the DES structure remains intact up to a water content of approximately 40-50%
[40].The observed mechanisms can be summarized as shown in Figure 1A. The newly formed clusters
limit the diffusion and separation of proton/hydroxide ion products, inhibiting water activity.
Additionally, the stronger O-H bond in H,0, due to the formation of choline- H,O and Cl- H,O bonds
(disappearance of the Raman stretching band at 3628 cm™), further increases the difficulty of water
splitting.

The hydrated electrolytes show a higher current density compared to the anhydrous one, primarily
due to differences in viscosity. The high viscosity of anhydrous DES arises from the hydrogen bonds
and Van der Waals interactions that limit ion and molecular mobility, increasing resistance to fluid
flow [41]. Hydration, on the other hand, reduces viscosity by decreasing the number of HBA-HBD
hydrogen bonds per molecule as water content increases, facilitating ion mobility [42].

Cyclic voltammograms of ethaline with 0.3 M ZnSQO, are shown in Figure 1 (panel C). This study
focuses on the Zn deposition process and, therefore, the cathodic electrode reactions. The
voltammetric response varies depending on the water content in the electrolyte. Arrows and numbers
are added to track the CVs behavior during the scan.

When ZnSO, is dissolved in anhydrous ethaline, the [ZnCl,4]*~ species is formed and stabilized by
choline. The specific coordination of Zn?* results in unique voltammetric behavior, characterized by
backward cathodic peak in the cathodic branch [27 and references therein].

Although tetrachlorozincate is the dominant species, it does not appear to be the complex from which
Zn is deposited, as [ZnCl,]*” has a highly negative reduction potential. Mechanistic studies of Zn
electrodeposition onto various cathodic materials suggest that the metal is formed via the reduction
of an intermediate Zn-containing species (Z). The organic components of the eutectic solvents can be
dehydrogenated at negative potentials, forming RO~, which can replace one or more chloride ligands
in [ZnCl4]*". As a result, the intermediate species Z is formed, and the corresponding peak appears
only in the backward scan, after the potential has reached the voltage required for the formation of
RO™ [27].

Previous in situ SERS studies of the DES-EG|Au interface revealed that at potentials lower than —1.5
V vs Ag/AgCl, CN~ groups were adsorbed onto the electrode surface and desorbed at positive
potentials.

Therefore, at potentials below —1.5 V vs Ag/AgCl, two concurrent effects occur: the reduction of the
electrolyte and the blocking of the electrode surface. When the surface is blocked, potentially by
degradation products of the DES or adsorbed hydrogen, depending on the hydration, as evidenced by
the appearance of a new peak at 2045 cm™ in the DESEG|Au interface SERS data (reported below),
the concentration of Z in the diffusion layer increases.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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As the scan moves toward more positive potential, the blocking layer desorbs, allowing zinc
deposition from Z, as shown by a reduction peak in the backward scan.

When water is added, a low current density forward peak becomes visible, and this behaviour remains
consistent up to a water content of 10%wt. Notably, the peak current is always highest during the
reverse scan.

At 20% wt, the voltammograms show a cathodic peak on the initial cathodic sweep, unlike those
recorded with less hydrated DES. This phenomenon is likely due two concurrent effect: a reduced
ESW and a less blocked electrode surface. As stated above, the narrow ESW found with higher
hydration is due to water decomposition. Water molecules hydrogen-bonded to DES components can
be reduced at cathodic potentials, forming He radicals, which may participate in the decomposition
of organic components. This side reaction can generate RO~ ligands at less negative cathodic
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potentials that contribute to the formation of the Z intermediate increasing the number of reactantss
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that undergo reduction already in the forward scan. Moreover, SERS measurements revealed that at
20% wt, only the peak related to Au-H stretching is present.

At 50% wt the reduction peak is already present in the ongoing scan with an increased current density.
As hydration increases in the eutectic system, Zn?* coordination changed, forming [ZnCl3(H,0)]~
(this will be discuss better on the basis of Raman measurements). The water molecule in the Zn?*
coordination sphere has a lower energy barrier than chloride for stepwise desolvation, meaning
[ZnCl3(H,0)]™ has a lower dissociation energy than [ZnCl,]*", resulting in faster desolvation and
reduced nucleation overpotentials. The increased current density is therefore, attributed to the
following processes: (i) higher concentration of the Z species in the bulk electrolyte; (ii) the reduced
electrode surface blocking, enabled by water contents of 20%wt and higher and (iii) the change in Zn
solvation environment in the hydrated electrolyte.

To better understand the role of the Z intermediate in Zn deposition, we performed Rotating disk
electrode (RDE) voltammetry on a glassy carbon electrode. RDE mesuraments reported in Figure

1, (panel D, E, F) displays similar voltammetric behavior as observed in stationary conditions from
our previous study [27] and CVs at a Zn electrode, reported above. Specifically, a cathodic peak
appears only during the reverse scan toward positive potential. When the water concentration is
kept below 10%, the current density of the reverse cathodic peak decreases as the rotation speed
increases. This supports the hypothesis of the formation of a Z intermediate species. When the
ligand RO™ or the intermediate species Z are formed, they are transported away from the electrode
surface to the bulk solution by hydrodynamic forces, leading to a decrease in Zn deposition as the
rotation speed increases.

At 20% water content, RDE measurements revealed an increase in the cathodic peak current, which
grows with increasing rotation speed—contrary to the trend seen in less hydrated electrolytes. This
suggests that the Z species are present at higher concentrations or already in the bulk electrolyte,
supporting the hypothesis of a higher concentration of RO— ligands. These findings align with the
mechanistic study by Vieira et al., which observed similar behavior when NaOC,Hs was added to a
ChEG DES [43, 44].

Notably, no limiting current plateau was observed, even at higher rotation speeds, possibly indicating
a slow adsorption/desorption process at the electrode surface.

Building upon the CVs and RDE results, CA measurements were conducted to provide additional
insight into the kinetics of Zn deposition and the role of water in modifying electrochemical
processes.

In Figure 2, potential-time transients obtained by imposing current densities of 0.5 mAcm™ and 1
mAcm= for 1800s are reported. These conditions were selected for comparison with the cycling
experiment detailed further on.

The measurements revealed that, in the absence of water, the chronopotentiometry curve exhibited a
higher initial potential before transitioning to a lower one. This effect becomes more pronounced with
increasing current density (Figure 2, panel A). Anhydrous DES requires an initial initiation step,
which supports the hypothesis of forming an intermediate Z species. This initiation step begins at -
1.9V vs Ag/AgCl, coinciding with the electrochemical potential window reported in Figure 1B. The
increased concentration of intermediate Zn species in the diffusion layer, due to both the desolvation
process and electrolyte reduction, is evident in the chronopotentiometric response. It can be concluded
that Zn deposition commences only when a sufficient amount of Z species is formed. These findings
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confirm the dual role of water in modifying Zn coordination and facilitating Zn_depositipn; as
observed in the voltametric studies [45].

To explore from the spectroscopic viewpoint the influence of water on Zn coordination, hydrogen
bonds, and its activity, spontaneous Raman spectroscopy (SR), Stimulated Raman spectroscopy
(SRS) and Impulsive Stimulated Raman Spectroscopy(ISRS) were carried out. In Figure 3,
spontaneous Raman spectra of DESEG with different water contents are reported. To maintain the
concentration of Zn>* constant, the hydration level was adjusted by adding a 0.3M ZnSQ, solution,
Distinct shifts in peak frequencies and intensities are observed in the low-wavenumber region related
to v (Zn**-ligand) 250-350 cm™! and v (SO4 %) 920-1000 cm’!, as well as in the high-wavenumber
region related to v (O-H) 3000-3800 cm!. These shifts are indicative of evolving hydrogen bonding
networks and solvation dynamics with differing hydration levels.

In a dilute ZnCl, aqueous solution, chlorine anions exist as free ions. In such systems, the solvation
shell of Zn?" is predominantly characterized by water molecules, forming [Zn(H,0)s]**, which
exhibits a Raman peak at ~390 cm! . [46, 47]. Other possible cations present include [ZnCIl(H,0)s]"
or [ZnCI(H,0);]", where one chlorine anion is found in the first solvation shell of Zn?*. Additionally,
various Zn-Cl species may exist in aqueous solution, such as ZnCl,, [ZnCl;], [ZnCl4]*>. The [ZnCl4]*
ion predominates when an excess of chloride anions is present, as is the case in ethaline, exhibiting a
characteristic peak around 275-290 cm!.

In order to explore hydration and ion-paring in DESEG electrolyte, we compared pure anhydrous
ethaline, in which no Zn-ligand signal is present, and anhydrous ethaline with different concentrations
of ZnSO,4, A ZnSOy (0.3M) solution, in which no chloride complex formation occurs, was chosen to
enable the identification of differences in Raman shift. The specific choice of sulfate stems from the
fact that a polyatomic anion like sulfate with different coordination interaction leads to significant
changes in the spectrum of the complexed sulfate. Hence, it becomes feasible to distinguish between
bands corresponding to uncomplexed sulfate and those associated with the complexed form.
Spontaneous Raman Spectra of Anhydrous ethaline measured with different ZnSO,4 concentration are
reported in Figure S2. Interestingly, at 0.1M ZnSO, a new peak appears at 279 cm’!, which is assigned
to [ZnCl4]* [46, 48-53]. Raman studies with different concentrations of ZnCl, by Medea et al. [50]
assigned vibrational modes at 277, 283 and 300 cm! to [ZnCl,4])*, [ZnCl;]- and ZnCl, respectively.
When the water fraction is increased in the eutectic network, the peak at 279 cm! is blue shifted
(Figure 4A, B,C). The blue shifted peak indicates a shorter Zn-Cl bond length, which can be attributed
to the formation of lower complex ions: water molecules enter the first sheath of the Zn coordination
shell forming [ZnCl3(H,0)]-.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 06 mars 2025. Downloaded on 10.3.2025 21:53:37.

(cc)

It is worth noting that, increasing the concentration of water in the eutectic electrolyte leads to a
notable increase of the fluorescence background in the Spontaneous Raman spectra: this reduces the
signal-to-noise ratio, especially affecting the signal in the v(Zn-ligand) range. In response to this
challenge, we combined Spontaneous Raman with Stimulated Raman spectroscopy (SRS) and
Impulsive Stimulated Raman Spectroscopy (ISRS). In both SRS and ISRS, indeed, the Raman
features are engraved on top of the probe beam, thereby enabling efficient suppression of the isotropic
fluorescence background (as detailed in the Supporting Information, Figures S3-S5) [28, 35]. In
addition, significant signal enhancement is achieved through stimulated excitation of vibrational
coherences, leading to faster data acquisition and improved sensitivity [51]. Such advantages make
SRS and ISRS superior for applications requiring rapid and sensitive molecular analysis. We
specifically chose these techniques to unravel the vibrational response of the Zn-ligand stretching
peak, ensuring more accurate and detailed spectral information.
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Also, for SRS and ISRS spectra reported in Panels B-D of Figures 4 and S6 show the same, blue/shift:
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detected with Spontaneous Raman spectroscopy. Figure 4E quantifies the fraction of [ZnCl4]* as a
function of water content in the solvent mixture, derived from the fitting of the v(Zn-ligand) bands
shown in Panels B-D. Specifically, the [ZnCl;]? and ZnCl;” modes at 277 ¢cm™' and 283 cm™,
respectively, were fitted with Gaussian functions, and the species fraction was calculated as the ratio
of the fitted peak areas. Fit examples are reported for the case of SRS data in Figure 4D.

The experimental data, gathered from SR, ISRS and SRS, exhibit a sigmoidal trend. At low water
content, [ZnCl4]* is the dominant species, with its fraction decreasing around 50% of water content.
It is important to note that ISRS is particularly effective at measuring the Raman peak even at high
water concentrations, where other techniques may face challenges due to reduced signal intensity.

In Panels F and G the SR and SRS Raman peaks centered at ca. 981 cm’!, assigned to the v (SO4%)
vibration [52], are found to exhibit a significant red shift between aqueous 0.3M ZnSO, and 0.3M
ZnSO,4in DES EG. This shift indicates stronger coordination in the eutectic electrolyte. Sulfate, which
is almost as good an H-bond acceptor as water, can form stronger hydrogen bonds with EG and Ch*,
indicating the presence of distinct complex species rather than hydrated ions. Moreover, upon water
addition, a blue shift is observed. The behavior of the sulfate anion mirrors the coordination changes
observed with zinc cations. In fact, water molecules hydrate deep eutectic solvents, displacing one or
more ligands from the first coordination shell of the ion.

We exploited the high specific sensitivity of Raman spectroscopy to single out the differences in
chemical environment of water between the pure aqueous solvent (Figure 5C and indicated plots of
Panels A, B) and hydrated DES (Panels A, B and D of Figure 5). The Raman O-H stretching band of
water was deconvoluted using five Gaussian functions (Figure 5B) centered at 3030 cm™ (DAA-OH,
single donor - double acceptor), 3212 cm™ (DDAA-OH, double donor — double acceptor), 3416 cm™
(DA-OH, single donor — single acceptor), 3552 cm™ (DDA-OH, double donor — single acceptor),
and 3628 cm™! (free-OH) as previously reported [53].

Thus, based on the peak positions, five types of water environments in a water-based solution can be
assigned, as schematized in Figure 5C:

(1) Fully bonded water (DDAA), where one water molecule is involved in four hydrogen
bonds (two as a donor and two as an acceptor).

(i1))  Not-fully hydrogen-bonded water (DDA, DA, and DAA).

(ii1)  Free water molecules.

Hydrogen bonding weakens the covalent O-H bond in water, lowering its vibration frequency. In
deep eutectic solvents with a water content below 50%, the free water peak is not observed. As the
water content decreases, the clusters of water molecules disintegrate, eliminating the DDAA
environment. As dilution proceeds, hydrogen bonds between the components of the DES are broken,
forming new bonds between the DES components and water.

At high water concentrations, interstitial water leads to stronger interactions between water molecules
and CI” ions, as well as between water molecules and choline molecules, thereby preventing these
components from interacting with each other (Figure 5F). Although Cl- and Ch* can form stronger
hydrogen bonds with water and are thus the first to be solvated in the eutectic network, ethylene
glycol contains a large number of hydroxyl groups and can act as both a proton donor and a proton
acceptor, bonding with water in multiple ways [54].

Different solvation regimes are present in the mixtures, with chloride (and the solvent as a whole)
becoming partially and then fully hydrated: this corresponds to the transition of the eutectic/H,O
systems from a “water-in-eutectic” to an ordinary “aqueous solution” regime (Figure 1A).
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The fitted v(OH) Raman bands were used to quantify the fraction of the free H,O environment
configuration (Figure SE). A significant decrease of 92,8% in the fitted area of free H,O can be
observed. As shown in Figure 5D, there is a significant change in the peak related to bound O-H at
3416 cm™, which is assigned to the OH group present in both water and DES. During the dilution
process, a blue shift is observed when the H,O percentage is less than 50 %. In contrast, a red shift
appears when the H,O percentage exceeds 50 %. The same shift was reported by Ying Wang et al.
[55] for a mixed solution of Ethylene glycol and water. The authors correlate this phenomenon with
a change in the hydrogen bonding of water related to a transition in the association structure between
EG and H,O.

To summarize, the predominant form of intermolecular hydrogen bonding observed was between the
DES components and water, and the dominant Zn solvation structure is ZnCl4>- at water contents
lower than 50%. With the progressive addition of water, Cl-, Ch* and EG molecules still form H-bond
with their neighbor H,O, but there are a large number of water molecules interacting with each other.
At the same time, one water molecule enters the first coordination shell of Zn forming [ZnCl;]-.

In order to clarify the role of surface reactivity of water molecules and the formation of degradation
byproducts of organic DES components, SERS was employed: the SERS-active Au electrode was
selected as in our previous study [27]. Figure 6 reports potential-dependent SERS spectra, measured
in situ in the potential range investigated by CV with DESEG containing different water fractions in
the absence of Zn?" in solution.

At 0% water content and under polarization in the high cathodic range (—2000 mV) (Figure 6A), a
new peak at 2115 cm™ is observed, which is characteristic of the v(C=N) stretching of adsorbed CN~
[27 and references therein]. The potential at which this peak appears correlates well with the
electrochemical stability window discussed above. Notably, —2 V is the potential at which the current
begins to rise. The presence of the CN™ anion was already demonstrated in our previous study [27]
and has also been reported in literature on ionic liquids [55]. This can be attributed to the degradation
of the choline cation in deep eutectic solvents. Hoffman’s elimination or the direct reduction of
choline cations is likely to occur a high cathodic potential, leading to the formation of trimethylamine,
which can subsequently be deprotonated by either OH™ or He, resulting in the formation of the CN~
group.

When the water content is increased to 10%, a distinct peak at 2045 cm™ is observed at —1 V. This
band can be attributed to the Au-H stretching, based on both the polarization conditions and related
literature for platinum electrodes [56]. Moreover, in the SERS study by [57] on a gold electrode, a
broad band centered between 2039 and 2094 cm™ was similarly assigned to Au-H stretching. As the
applied potential is further shifted in the negative direction, the intensity of this peak increases,
reflecting a stronger interaction between water and the electrode surface. Additionally, at —1125 mV,
the appearance of a peak at 2115 cm™, again corresponding to the adsorbed v(C=N) stretching, is
observed.

When the water content is increased further, the only peak detected during polarization corresponds
to the Au-H stretch, appearing at —1 V for 20% water content and at =250 mV for 50% water content.
The disappearance of the adsorbed v(C=N) stretching band might be due to the signal reduction due
to intense scattering by H, bubbles and/or to the fact the high surface coverage with H® radicals
scavenge surface cyanide [58]. Also in these cases, the results are consistent with the cyclic
voltammetry discussed above. The extent of the electrochemical stability window clearly
anticorrelates with the water content: this trend that can be tracked from the development of peaks in
the 2000-2150 cm™ range. Water reduction accelerates the decomposition reactions of the choline
cation, explaining why the peak related to CN™ stretching appears at lower overvoltage.
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The stability assessment of Zn anodes in deep eutectic solvent electrolytes with varying water
contents was conducted through extensive galvanostatic cycling. Figure 7 presents the results
obtained from galvanostatic charge-discharge (GCD) experiments with a symmetric Zn|Zn cell
employing DESEG electrolyte with different water concentrations.

According to our previous study, the absence of water as co-solvent in the electrolyte resulted in high
viscosity, low conductivity and reduced diffusivity, leading to lower performance compared to
hydrated counterparts.

Notably, the symmetrical cell with 0% water DES electrolyte exhibited poor cycling stability,
characterized by elevated overvoltage and irregular chronopotentiometric transient shapes. Cycling
lasted approximately 32 days and were terminated by a short circuit, with a voltage excursion of ca.
+ 600 mV. The introduction of water into the electrolyte, starting with 10%, significantly improved
cyclability. The cell demonstrated an extended cycling life of approximately 50 days, although with
only a marginal reduction in overvoltage compared to the anhydrous electrolyte.
Chronopotentiometric transients continued to show irregularities, especially in the cathodic phase,
with a significant decrease in overvoltage observed after 100 hours. Additionally, the transients
exhibited non-symmetrical behavior between the cathodic and anodic phases. In this case the cell
failure was due to passivation, as discussed in detail in [59, 60].

Further increasing the water content to 20%, notably enhanced cell performance was obtained. With
this composition, the cycling duration increased impressively to 82 days, accompanied by remarkably
low overpotential (£ 60 mV voltage excursion) and sustained transient shape stability. The
chronopotentiometric transients remained stable from the beginning to the end of the test, highlighting
a high reversibility of the plating/stripping process. However, exceeding the 20% water threshold
disrupted the DES network, transforming the eutectic into an aqueous solution. This transition was
evident in the performance of the 50% water DES, where cycling stability was maintained with
minimal overpotential until passivation occurred after 20 days of cycling. GCD cycling of cells
replicates are reported in Figure S7.

To our knowledge, these results represent the 3™ best performance reported to date, as summarized
in Table 1. These findings underscore the role of water content in DES electrolytes, with optimal
hydration levels significantly enhancing battery performance and stability, while excessive water
content leads to a transition to aqueous electrolytes and eventual passivation. Additionally, DES
systems exhibit consistent and stable potential transient shapes, with notable symmetry observed in
the charge and discharge transients, particularly evident in the 20% and 50% DES configurations.

The controlled addition of water in DES tunes the conductivity of the electrolyte, as evidenced by the
difference in ohmic resistance observed in the cell operating with anhydrous DES.

The overvoltages recorded during cycling are consistent with those observed in the cathodic branch
of the Cyclic Voltammograms and with the potential -time transient of CA experiments
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Reference | [20] [21] [22] [23] 251 oo w0 B hoen
work
LIFETime | Over Over 9600 h | over 800 h and Over4500h | over 1500 h | over
2000 h over 400 h 1970h
Current 0.05,1, ImAcm2 0.05 mAcm?and | 0.5 mAcm™2 0.1 mAcm™2 | 0.5
density 2mAcm 0.2 mAcm™ and 1 mAcm™ mAcm
Current 0.25, ImAhecm? | 0.5 mAhem?Zand | 0.5 mAhem? | 0.05mA h 0.25
capacity 0.25,0.5 2 mAhcm™ and ImAhcm™ | cm™ mAhcm?
mAhcm- 2
Zn used Zn foils | Zn foils Not given Zn foil Zn foil Zn foil
(80 um [ witha (99.9%) 99.9%
thick, thickness of 250 pum
~84 mg) | 100 um
Battery CR 2016 [ CR2025- CR 2032 coin- CR2025 coin- | CR 2032 CR 2032-
coin-type | type coin type cells type cell coin-type coin type
cells cell cells cells
Amount of | 60ul Not given 150 pLL Not given Not given 100ul
electrolyte

Table 1 - Comparison of the cycling performances of Zn|Zn symmetric cell based on literature state
of the art

4. CONCLUSIONS

In this study, the electrochemical behavior of zinc in ethaline deep eutectic solvents (DES) with
varying degrees of hydration was systematically investigated with electrochemical and vibrational
spectroscopy methods. The findings reveal that the addition of water significantly influences the
electrochemical properties and modifies the Zn deposition process. At low hydration levels, the DES
maintains its structure, characterized by high viscosities and slow kinetics. As the water content is
increased, viscosity decreases, enhancing ion mobility. Notably, the coordination environment of zinc
shifts from [ZnCl4]? in anhydrous DES to [ZnCl3(H,0)] and eventually to more hydrated species at
higher water contents. These changes lead to improved zinc plating/stripping efficiency and cycling
stability.

Raman spectroscopy, employed combining SR, SERS, SRS and ISRS techniques, confirmed the
formation of different zinc-ligand complexes and the critical role of water in modifying the DES
structure. The optimized hydration level was found to be around 20wt%, balancing the advantages of
reduced viscosity and enhanced conductivity without compromising the DES stability and keeping
the concentration of free active water low. Although at 20wt% the coordination of Zn was found to
be [ZnCly]?*, that has a higher dissociation energy compare to [ZnCl;(H,O)], the impact on the
formation of the Z intermediate species that undergo reduction results in a completely different CV
behavior related to the anhydrous case. In particular, the cathodic deposition peak was already present
in the forward scan.
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This work underscores the potential of hydrated DES as highly prospective electrolytes. forZIBs,0
offering a flexible tool for controlling zinc electrochemistry and enhancing their efficiency and
durability. It is important to note that the behavior of water in DES is strongly influenced by the
specific components and their hydrogen bond network. Therefore, our findings, that highlight the
optimal performance at 20 wt% water in this system, cannot be directly transferred to any DES
formulation.

Additionally, this study represents the first attempt to analyze the anomalous cyclic voltammetry
behavior of zinc plating in hydrated DES, providing new insights into the electrochemical processes
involved. The nuanced understanding of the interplay between solvent composition, Zn solvation,
and electrodeposition mechanisms paves the way for the development of more efficient and
sustainable ZIB technologies.
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Figure 1 - (A) schematic representation of solvation regimes presents in eutectic solvents, the transition of
the eutectic/H,O systems from a “water-in-eutectic” to an ordinary “aqueous solution” regime. (B) Cyclic
voltammograms performed at 10mVs-1 on stationary Zn electrode of pure ethaline DES with different
percentage of water content. (C) Cyclic voltammograms performed at 10mVs-1 on stationary Zn electrode
of 0.3M ZnS04 DESEG with different water contents. (D,E,F) Cyclic voltammograms performed at 10mVs-1

on RDE electrode of 0.3M ZnS04 DESEG with 0%,
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10% and 20% water fractions, respectively.
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electrode at 25 °C at 1 mA cm-2 (A) and 0.5 mA cm-2(B).
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Figure 5 = (A) Spontaneous Raman spectra in the [J(OH) region, for DESEG-H20 hybrid electrolytes with the
indicated water fractions. (B)The fitted Raman spectra of Panel (A). (C) Schematic diagram of water
environment and Raman peak assignment. (D) Translated fitted Raman spectra of panel (B) (E) The

proportions and total of bulk free H20 as a function of the water fraction. (F) Schematic of the coordination
environment of DESEG before and after hydration. The white, gray, red, blue, green, balls represent
hydrogen, carbon, oxygen, nitrogen atoms and chloride anion, respectively.
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Figure 6 - Potential-dependent in situ SERS spectra measured at an ORC-treated polycrystalline Au electrode
in contact with the Ethaline DES with the indicated water contents. Panels (A-D) report the spectra recorded
in the CN- stretching range for different hydration levels. (E) A typical ORC cycle adopted for the
achievement of the SERS effect.
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Figure 7 - (A) Galvanostatic charge-discharge cycling experiments carried out with Zn symmetric
CR2032 coin cells with the indicated DES hydration levels. (B) Chronopotentiometric transient shapes,
extracted from the data of Panel A.
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