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Abstract

Rechargeable zinc-ion batteries (RZIBs) are mostly powered by aqueous electrolytes.
However, uncontrolled water interactions often confer a small voltage window and poor
battery capacity retention. Here, we explore replacing water with ethylene glycol as the
primary solvent in zinc electrolyte formulations. The assembled batteries reveal sup-
pressed electrolyte-induced parasitic reactions, leading to: 1) expanded voltage stability
windows up to 2.2 V, 2) prolonged zinc stripping/plating stability up to 2.4 times longer
compared to the water-based counterparts, and 3) doubled cathode capacity retentions
as observed in full-cell Zn-FeVO,4 RZIBs. Using a combination of synchrotron EXAFS

and FTIR, we investigate the molecular level salt-solvent interactions and explain how



the chelation ability of EG ligands reduces parasitic reactions to enable the enhanced
electrochemical performances. The structural insights should provide guidelines on the
selection of salt, concentration and chelating solvents for robust multivalent-ion battery

systems.

Introduction

Multivalent-ion batteries can be a promising technology for grid-scale energy storage as
multivalent metals like Mg, Zn, Ca, Al are abundant, environmentally benign and safer to
handle than Li.'™" Among the various multivalent metal choices, zinc metal as an anode
offers many advantages: 1) it has a higher volumetric capacity than Li, Ca and Mg.* 2)
Zn metal has been demonstrated to reversibly strip/plate in aqueous electrolytes unlike the
other multivalent metals (Mg, Ca, Al).® However, the zinc electrolytes developed in the
literature suffer from many problems, thus making a robust rechargeable zinc ion battery
(RZIB) still remains a challenge.®?

Most RZIB studies utilize aqueous electrolytes. However, high water contents create
three major problems. Firstly, as we demonstrate, the voltage windows of conventional
aqueous zinc electrolytes are limited to ~ 1.7 V. A small voltage window can lead to con-
tinuous electrolyte decomposition while cycling high voltage cathode materials.®1° There
have been many attempted strategies to resolve this by increasing the zinc salt concen-
trations in water.!! However, the limited zinc salt solubility still results in abundant “free
water” molecules in the system, thus making voltage window expansion of the electrolytes
difficult.?*! Secondly, at the zinc metal anode, the aqueous electrolytes decompose via a
competitive hydrogen evolution process during the zinc plating process. This gas evolution
can lead to a pressure build up inside the cell and can ultimately lead to cell failure.!?!3
Thirdly, the abundant free water molecules in the aqueous electrolytes can dissolve the cath-
ode materials during the RZIB operation especially at slower current rates, thus leading to a

capacity fade.®'* Therefore, as the electrolyte solvent is such a crucial factor in determining



1516 exploring electrolyte solvents

the salt solubility and the electrochemical voltage window,
beyond water could be one strategy to make better RZIB electrolytes.

As a solvent, polar protic molecules which double as hydrogen bond donors can dissolve
large amounts of multivalent compounds due to the strong Lewis/Brgnsted acid-base interac-
tions of these molecules with multivalent cations.!”™1? Additionally, some candidates in this
electrolyte class may exhibit a wide electrochemical voltage window along with suppressed
hydrogen evolution.'*!” Based on these considerations, we explore ethylene glycol (EG), one
of the simplest hydrogen bond donors, as a solvent for zinc electrolytes. Like water, EG
has: 1) O-H groups; 2) a high polarity and dielectric constant; 3) a high affinity to donate
electron pairs (donor number?’) (Table 1). Moreover, there is previous evidence that EG
can dissolve large amounts of multivalent-ion salts.®?! To the best of our knowledge, EG

has only been explored as an electrolyte additive for RZIBs?2 24

and not as a primary solvent
for zinc or other multivalent-ion battery electrolytes.

In this study, we investigate ethylene glycol as an electrolyte solvent for two zinc salts,
namely zinc triflate (Zn(OTf)2) and zinc chloride (ZnCly). The choice of the salt anions were
made considering their coordination strengths: the OTf (CF3S03") anion has a very weak
coordination strength, while the CI™ anion is highly electronegative and strongly coordinat-
ing. 2627 Therefore, the two extreme anion classes can provide a general illustration of EG

behavior as a solvent with zinc salts. We measure the physical properties of the formulated

electrolytes including maximum salt solubility, thermal phase transitions, ionic conductivity,

Table 1: Solvent properties of ethylene glycol and water.

Solvent | Formula M.P. | BP. | Dy | € 1
Water Hy0O 0 100 18 | 80.2 | 1.85

Ethylene
Glycol

(CH,-OH), | -12.6 | 197.3 | 20 | 41.4 | 2.36

M.P. and B.P are melting and boiling points in °C; Dy: donor number; e: dielectric
constant; p: polarity in Debye. Values taken from ref?%:2°



viscosity and electrochemical stability voltage window. We then evaluate the suitability of
pairing these electrolytes with zinc metal anodes by galvanostatic stripping/plating tests
in symmetric Zn|Zn cells. We finally demonstrate a full-cell RZIB consisting of an EG-
based electrolyte, Zn metal anode and a FeVO, cathode and show the benefits of EG-based
electrolytes compared to conventional water-based electrolytes.

Furthermore, the physico-electrochemical properties of the electrolytes have been shown
to depend on the salt-solvent interactions and more specifically on the metal coordination
sphere. 152829 Hence, we characterize the structure of the zinc coordination sphere in-depth
using FTIR (Fourier Transform-Infrared Spectroscopy) and EXAFS (Extended X-ray Ab-
sorption Fine Structure) techniques. Through the structural characterization, we explore
how the competition between the salt anion and the EG solvent dictates the Zn?" coordina-
tion sphere and the findings should aid the design of other multivalent-ion electrolytes using

chelating solvents.

Experimental Details

Electrolyte Preparation: All the electrolytes were made in an ambient atmosphere
condition. Before using ethylene glycol (EG) for any purpose, the solvent was first kept in
molecular sieves (3 A) for one day to dry out any absorbed moisture. To make the elec-
trolytes, the salts zinc triflate (Zn(OTf)s) (98% Sigma Aldrich) or zinc chloride (anhydrous,
98% Sigma Aldrich) were weighed in the appropriate amounts. The zinc salts were added to
EG and heated to 60 °C with continuous stirring for at least 5 h. These electrolytes were
then stored in glass vials with molecular sieves.

Physical Properties Measurements: The Differential scanning calorimetry measure-
ments were carried out using Q10 DSC instrument (TA instruments) at a heating/cooling
rate of 5 °C/min. The samples were cooled from room temperature to -80 °C and then again

heated till 40 °C. The viscosity of the electrolytes were measured using a Brookfield DV3T



Rheometer with spindle-52 at 25°C with 0.5 mL of electrolyte samples. Specific ionic con-
ductivities were measured using a conductivity cell with a cell constant of 1.01 cm™ (Orion
3 Star, Thermoelectron Corporation, USA) at room temperature. The water content of the
electrolytes were measured using a CA-200 Coulometric Karl Fischer Titrator (Mitsubishi
Chemical). The cationic transference number was calculated in a symmetric Zn|Zn cell us-
ing the Bruce-Vincent method?®® in Biologic SP-200 electrochemical workstation. The EIS
spectra were measured before and after a constant voltage polarization of 5 mV (AV) for 18
hours to find the initial and steady-state passivating layer resistance, R, and R, respectively.
The resistance values were found by fitting the EIS spectra in the EC-lab (Biologic) soft-
ware. The initial current (I,) and the steady state current () are also noted in the constant
voltage polarization process. Using the following formula, the Zn transference number can
be calculated: T = (Is(AV — I, R,))/(I,(AV — IsRgs)). The voltage window was measured
in a three-electrode setup using Linear Sweep Voltammetry (LSV) with symmetric Ti|Ti
electrodes as the working/counter electrodes and Ag/AgCl as the reference electrode, at a
scan rate of 3 mV /s using a Biologic SP-200 electrochemical workstation. LSV scans were
made with a negative sweep followed by a positive sweep on the same Ti electrodes. The
cut-off current density for determination of voltage window was kept at 1 pA /cm? to account
for electrolyte decomposition in a real working battery.?!

Electrolyte Structural characterization: The Fourier Transform Infrared Resonance
(FTIR) spectra were measured in ATR (attenuated total reflectance) mode using a Nicolette
iS50 ATR (Thermo Scientific) for the range 500 to 4000 cm™ with a resolution of 2 cm™ and
averaged over 32 scans. EXAFS measurements were carried out for the Zn K-edge at the
Beamline 5.2, Synchrotron Light Research Institute, Thailand in fluorescence mode. The
electron energy was 1.2 GeV, beam current 80-150 mA, and the maximum photon flux was
about 1.1-1.7 x 10'! photons s'. Germanium (220) double single crystals were utilized as
a monochromator. For each sample, the measurement was carried out for 5 times with a

maximum k up to 12 A=, The background subtraction was done using the Athena program,



and the EXAFS data were fitted using the Artemis program. The S, value was estimated
to be 0.61 using a standard 2m Zn(OTf),/water solution.

Electrochemical Characterization: The Zn stripping/plating and the full cell Zn-FeVO,
RZIB electrochemical performances were evaluated using 2016-type coin cells. To make the
coin cells, a glass fibre (Whatmann) separator soaked in the appropriate electrolyte was
sandwiched between the working and the counter electrodes. All the coin cells were assem-
bled in an ambient atmosphere environment. In the case of Zn stripping/plating test, the
working and the counter electrodes were zinc foil disks (16 mm diameter, Goodfellow). For
the Zn-FeVO, RZIB system, the counter electrodes and working electrodes were zinc foil
disks and the FeVO, electrodes, respectively. To make the FeVO, electrodes, FeVO, active
material was used which was developed by our group previously.?? A slurry of the FeVO,
active material, PVDF binder, and super P carbon was made in a weight ratio of 6:2:2 in
N-methyl-2-pyrrolidone solvent. The slurry was coated on a Ti foil and the coated Ti foil
was vacuum dried overnight before using it in the coin cell. The mass loadings of the active
material were ~ 1-1.3 mg per electrode. A BTS Neware battery testing system was used for
galvanostatic charge-discharge studies.

Ex-Situ characterization: XRD patterns were collected using a Bruker D8 Advance
diffractometer in Bragg-Brentano geometry. Here, XRD patterns of the zinc foils after
aging in the appropriate electrolytes were acquired. XRD patterns of the zinc foils after Zn
stripping/plating tests were also acquired, after opening the coin cells, rinsing the Zn foils
with DI water and drying in air. The SEM micrographs of the zinc foils were obtained using

a Field Emission SEM (JEOL, JSM-7600F).



Results and discussion

Physical Property Characterization
Salt solubility

The salts Zn(OTf), and ZnCly show high solubilities in the EG solvent. Stable compo-
sitions of the Zn(OTf),:EG system can be made up to a salt:solvent molar ratio of 1:5 (fig
la). Notably, the dissolved salt solubility in EG is higher by 2.4 times than in water and 4.7
times than in acetonitrile solvents (which corresponds to saturation concentrations of 4 m
in water and 1 m in acetonitrile).'%33 On the other hand, stable compositions of the ZnCly:
EG system can be made up to the ratio 1:3 (fig 1a). Notably, the ZnCl, solubility achieved

t.14 However, the

is higher than that of Zn(OTf), in EG as also observed in water solven
maximum ZnCl, solubility in EG is slightly lower than the ZnCl, in water (1:3 vs 1:1.8).34
The high solubility in water has been ascribed to the transition of the ZnCly-H5O system to
a molten salt or hydrated melt state at near saturation salt concentrations.3%3%

These saturated EG-based electrolytes remain stable in the liquid state without any
solidification/crystallization even after 10 months in sealed conditions (fig S1). The water
content after 10 months was measured to be ~ 1.2-1.4 % by weight (Karl Fischer titration).
The high liquid stability of these electrolytes is also reflected in the DSC measurements as
no crystallization or freezing processes were observed down to temperatures as low as -80
°C (fig 1b). This suppressed crystallization behavior has also been observed in EG-based
electrolytes with alkali metal salts,3” and consistent with the popular antifreeze properties of

EG. On the other hand, the conventional water-based electrolytes are prone to crystallization

at subzero temperatures (fig S2).

Ionic conductivity and viscosity

The ionic conductivities and the viscosities were measured for the Zn(OTf),/EG and

the ZnCly/EG systems (fig 1c & 1d). The ionic conductivities of the Zn(OTf), and ZnCl,



- N W b

Heat flow (mW/mg)
L o

-2
3
-4
Zn(OTH,/EG 15
n
~ O 4700~
— ol b .
5 ; 7600 _ §
(%) ! e n 1
E15 & s o0 s 2
Z o 14003 >
= L . S =
B . g H4300 § £
g to00” 3%°
305 .. . £
o . o° e 100 O
0 o O, | | 0 0
0 0.05 0.1 0.15 0.2

Molar ratio of salt in EG

' ' Zn(OTf,/EG =1:5 ——
- ZNnCl/EG =1:3 —— -
PR
N — » i
exo up
L L L L L L
80 60 -40 20 0 20
Temperature (°C)
T T T 1000
ZnCl,/EG A4 —900
. ' 800
i N 700 &
N ; {600 =
4 / 500 £
‘ \ . 400 3
] o . 0
.o 4300 S
@ . -200
o o 4100
.P*'./'|. ! ! ! 0
0 005 01 015 02 025 03

Molar ratio of salt in EG

. 10 10 T T T T T

« N :

§ 5r § 5

2 2

2 2

g or % 0F

o 22V a

§ 5l 2m Zn(OTf)p/water = ‘5 i 2m ZnClo/water =+ |

3 Zn(OTN/EG =1:18 — | 3 ZnCI/EG =1:18 —
10 | | Zn(OTA/EG =1:5 — i | | ZnCREG=1:3 —

41 05 0 05 1 15 2 25 103 0.5 0 05 1 15 2

Figure 1: Physical properties of the ethylene glycol-based electrolytes.

Voltage vs. Ag/AgCl (V)

Voltage vs. Ag/AgCl (V)

(a) Electrolytes

prepared with maximum salt to solvent ratio for ZnCl, (left) and Zn(OTf), (right). (b) DSC
cooling and heating data for the electrolytes at scan rate of 5 °C/min. Ionic conductivity
and viscosity trends with varying molar ratio of salt to solvent in (c¢) Zn(OTf)y/EG and
(d) ZnCly/EG systems. Electrochemical voltage window at a scan rate of 3 mV/s for (e)
Zn(OTf)y in EG and Zn(OTf)y in water (f) ZnCly in EG and ZnCl, in water.

electrolyte series lies in the range of 0.1 to 2.5 mS/cm. Although this range of conductivity

values is an order lower than aqueous and non-aqueous zinc electrolytes, it is still higher than

the polymer-based zinc electrolytes (Table S1). Moreover, on increasing the salt :solvent
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ratio, the ionic conductivity values increase initially, reach a maximum, and then drop down
again (fig lc & 1d). This trend is consistent with the trends in the ionic conductivity
and viscosity observed in other high salt concentration electrolytes and the reasons will
be explored later in this work.3®3? Furthermore, the contributions from the Zn?' ions in
the total ionic conductivity was estimated from the transference number (fig S3). The
transference number for saturated Zn(OTf), and ZnCly electrolytes were found to be 0.52
and 0.44 respectively, and are around the same values for other zinc-based hydrogen bond
donor electrolytes developed previously (~ 0.5-0.6).1%4° Notably, the value for ZnCl, is lower
than Zn(OTT), electrolyte which can be ascribed to a suppressed zinc cation mobility because

of the strong Zn-Cl interactions as shown later in our work.!®

Electrochemical stability

The electrochemical stability of the electrolytes was studied for the dilute and concen-
trated Zn(OTf)/EG and ZnCly/EG systems (fig le & 1f). For comparison, the voltage
windows were also measured for Zn(OTf), and ZnCly salts in water solvents. In dilute
EG electrolytes, the voltage windows obtained are either similar to or smaller than the
water-based counterparts. On the other hand, when zinc salt concentrations are increased
to near saturation levels in EG, the electrolyte decomposition during the oxidation step is
suppressed, similar to other zinc electrolytes with hydrogen bond donors.? As a result, an
expanded voltage stability window of ~ 2.2 V for Zn(OTf), in EG and ~ 1.6 V for ZnCl,
in EG can be realized. We also note that the cathodic electrolyte stability window in the
reduction sweep improves only marginally in EG solvent as compared to water solvent. This
can be ascribed to the fact that the negative current during the reduction sweep in the zinc
electrolytes has a combined contribution from two simultaneous reduction processes: 1) the
electrolyte solvent decomposition via hydrogen evolution reaction (HER) and, 2) the Zn*"
reduction to Zn metal.! Therefore, even if the HER process is suppressed, the zinc deposi-

tion process will still give rise to the negative current in the reduction sweep and the cathodic



voltage window improvement will appear to improve only marginally. Nevertheless, we will
demonstrate later in our work that HER reaction is indeed suppressed (see electrochemical
characterization section) . Notably, the voltage windows of the ZnCl, electrolytes are lower
than their Zn(OTf), counterparts regardless of using EG or water as the solvent. This lower
electrolyte stability window can be ascribed to the fact that chloride ions are susceptible to
oxidize to Cly gas during the oxidation step. 42

The reason for the trends in ionic conductivity, viscosity and electrochemical voltage
stability window in EG solvents should lie in the salt-solvent interactions. Therefore, we

study the salt and solvent interactions using FTIR and EXAFS techniques.

Structural Characterization
FTIR

In pure EG solvent without the addition of any salt, the IR absorption peaks appear at
3300, 1083, 1033, 882 and 860 cm™ as shown by the vertical dotted lines in fig 2. The peak
at 3300 cm™ represents the O-H stretching vibrations; 1083 cm™ and 1033 cm™ represent
the C-O stretching; and, 882 cm™ and 860 cm™ represent CH, rocking and C-C stretching,
respectively.?® As we add the Zn(OTf), salt and increase its concentration, we observe shifts
in the peak positions as follows.

Firstly, on increasing the salt concentration, the intensity of the O-H vibration peak
reduces (fig 2a), indicating that the fraction of the free or uncoordinated EG solvent molecules
is reducing. **5 Moreover, the peak becomes broader and shifts to a lower wavenumber, as
also observed during the bonding of EG molecules with multivalent ions.?!¢ Secondly, we
see a red shift in the C-O vibration peaks (fig 2b), a phenomenon consistent with the peak
shifts observed for the analogous Ni and Co complexes with EG.4748 The red shift of the C-O
vibration peaks indicates a weakening of the C-O bonds. 26 This shift is expected when the
electron lone pairs of the O atoms from the EG molecule are used to form bonds with the

Zn*" metal ions (fig 2d). Moreover, at any of the salt:solvent ratio, apart from the vibrations

10
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Figure 2: (a), (b), (¢) The evolution of the FTIR spectrum upon increasing the Zn(OTf):EG
molar ratio. The dotted vertical lines indicate the peak positions in the pure EG solvent.
(d) Schematic showing the bidentate ligand coordination between EG and Zn*'.

of free/unbonded EG (dotted lines in fig 2b), the two newly emerging C-O vibration peaks
are single peaks without any peak splitting or shoulder peaks (fig 2b). This implies that
both the O atoms from the EG molecule are in identical environments and therefore, the EG
molecule binds to the Zn?" center in a bidentate way (fig 2d).2'* Finally, since the newly
formed Zn-O bond affects the C atoms in the EG molecule, the C-C and the C-H bonds will
also be perturbed. Therefore, the C-C stretching peaks and the CH, rocking peaks also shift

as observed during metal-ligand formation with EG (fig 2¢).?!
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All the trends in the FTIR peak shifts observed here in the Zn(OTf),/EG system have
also been observed for the ZnCly /EG system (fig S4). Therefore, these trends indicate that
not only can EG form a bidentate metal-ligand bond in the presence of a weakly-coordinating
anion like OTf™ but also in the presence of a strong anion like CI". Studying the coordination
environment around the Zn?" in Zn(OTf),/EG and ZnCly /EG systems will further elucidate
the Zn?*"-EG bonding mechanism and therefore we investigate the coordination environment

around the Zn%" ions using the EXAFS technique.

EXAFS
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Figure 3: Fourier transform EXAFS signals for the (a) Zn(OTf)y/EG and (b) ZnCly/EG
systems. Schematics representing the Zn?" coordination structure in the Zn(OTf)y/EG
systems at the salt:solvent ratio of (c) 1:18 and (d) 1:5. The colors of the sphere represent
purple: Zn, orange: O, black: C, white: H. (e) Schematic of the average Zn*" coordination
structure in the ZnCly/EG salt:solvent ratio of 1:18; the green spheres indicate chlorine
atoms
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The EXAFS technique can elucidate the local atomic arrangement around the Zn?" ion
center. Here, the X-ray photons bombard the sample with energies sufficient to knock off
a core electron from the atoms of the probed element (Zn?"). The knocked-off electron (or
photoelectron) wave can be scattered off from the different surrounding atoms located at
different distances. These scattered waves can return to the Zn?" center and modulate the
probability of X-ray absorption at the Zn?" ion center. Thus, a rough atomic arrangement
around the Zn%" center can be deduced.? The Fourier transform EXAFS signals for the zinc
K-edge for the Zn(OTf), and ZnCl, systems at low and high salt concentrations are shown
in fig 3. Briefly, every coordination shell composed of equidistant atoms from Zn*" will give
rise to high-intensity peaks in the EXAFS spectrum and the peak position (in A) is related to
the shell distance from the Zn?" center (or bond lengths). The peak intensity is proportional
to the scattering strength which depends on 1) the number of atoms present in the shell (or
coordination number for the first shell), and 2) the atomic number of the scattering element.
We also note that the coordination environment elucidated by the EXAFS analysis is an
average of all the Zn?" coordination environments in the whole sample. All four spectra of
the EG based electrolytes have one feature in common, that is no large peaks are observed at
radial distances beyond ~3.5 A (fig 3a and 3b). Hence, beyond a radial distance of roughly
3.5 A from Zn2?' center, the atoms are randomly arranged and lack a long-range order.
However, short-range ordering is observed close to the Zn?" in all the systems (fitting details
in Table 2 and fig S5) as discussed below.

Zn(OTf)y/EG system:

For the Zn(OTf),/EC system at low concentration (1:18) (fig 3a), a big peak at 1.6 A from
the first shell is observed and can be attributed to nearly 6 oxygen atoms with a Zn-O bond
distance of ~2.07 A.%2 The estimated Zn-O bond distance of 2.07 A appears slightly different
from the 1.6 A shown in the fig 3a since the radial distances after the Fourier transform of
the EXAFS data will be slightly shifted than the actual radial distribution functions due to

the phase shifts.®® These O atoms present in the first coordination sphere belong to the EG

13



Table 2: EXAFS fitting details for the electrolytes

Sample Element N ® | R(A)? AE, (eV)" o%>¢  R-factor ¢
O 5.6 2.072 8.268 0.004
Zn(OTf)s/EG (1:18) 0.007
C 529 2.865 8.268 0.007
O 5579 1 2.076 8.362 0.005
Zn(OTH),/EG (1:5) 0.003
C 3.8 2.894 8.362 0.005
Cl 2.4 2.223 1.253 0.003
ZnCly/EG (1:18) 0.001
O 1.8 1 2.083 1.253 0.002
Cl 2.1 2.215 -1.323 0.002
ZnCly/EG (1:3) 0.018
O 14 2.073 -1.323 0.003

@ number of atoms; # distance from Zn?* ion center; ¥ energy shift when k=0; €
mean-square disorder in R; ¢ fractional misfit; ® the number of atoms appears less than 6 in
the fitting since second shell C peak has large contribution to the first shell O atoms and is

consistent with previous EXAFS fitting on similar systems. 1851

molecules and not to the OTf anion for three reasons. Firstly, other studies have shown
that EG is a stronger ligand and can displace all OTf anions attached to divalent cations
like Ni** or Cu?t.53%! Secondly, a shoulder peak at 2.2 A can also be observed (fig 3a).
This type of EXAFS spectrum was also observed in a complex of Ni?" with three EG ligand
molecules roughly arranged in the way shown in fig 3c.'® The shoulder peak could be fitted
to roughly to 6 C atoms at an average distance of ~2.8 A.!® Finally, using X-ray diffraction
studies, Antti et al. and Teichert et al have demonstrated that Zn?" coordination to three
EG ligands is indeed feasible.?”> Therefore, we conclude that 3 EG molecules chelate the
Zn*" ion center as shown in fig 3c.

In contrast, when we increase the Zn(OTf), salt concentration to 1:5, the EXAFS spec-
trum could be fitted with roughly 6 O atoms in the first shell and only 4 C atoms in the
second shell. A reduction in the number of C atoms from 6 to 4 indicates that on average,
only 2 EG molecules now coordinate to the Zn?" center. This trend is expected as we deprive
the system of free EG molecules and is consistent with the FTIR results.

This reduction in the extent of solvent molecule coordination has also been previously

14



observed where Zn?" was coordinated by other hydrogen bond donors.% These previous
studies found that on increasing the salt:solvent ratio, the salt anion entered the Zn?" co-
ordination sphere. Consistent with these previous studies, we can deduce that the observed
value of ~6 O atoms in the first coordination shell might have contributions from the O
atoms of the OTf (CF3S03") anion. Since 4 out of the 6 O atoms are from the EG solvent
as discussed previously, the remaining 2 O atoms are most likely contributed by the OTf"
anion, and on an average we expect roughly one OTf anion to coordinate to the Zn?" as
shown in fig 3d.

ZnCly /EG system:

The ZnCly /EG system behaves differently to the Zn(OTf)s/EG system, and this can be
ascribed to the fact that the halide ions are highly electronegative compared to the weakly
coordinating OTf anion and are tightly bound to the Zn2?".273% This is evident in the
EXAFS signal where we can see both Cl and O atoms contribute to the first shell peak of
the Zn?" ion center (fig 3b). For the 1:18 ratio, the EXAFS spectrum could be fitted with
roughly 2 Cl atoms and 2 O atoms at a distance of 2.3 A and 2.07 A respectively. Since,
the EG solvent is expected to attach as a bidentate ligand from our FTIR results, the Zn?"
coordination structure should appear like in fig 3e. Therefore, the EG solvation mechanism
involves undissociated Zn-Cl bonds and only 1 EG molecule could bind to the Zn?" center.
This is unlike the case for Zn(OTf)y/EG system where, for the same salt:solvent ratio of
1:18, all salt anions were stripped off the Zn?* ion center and 3 EG molecules could bind to
the Zn*" center.

On increasing the salt concentration to 1:3, the EXAFS fitting shows that the overall
coordination number (both Cl and O) in the first shell reduces from ~4 to ~3.5. The
reduction in the coordination numbers to values less than 4 is consistent with the other
systems involving high concentrations of ZnCl,.?” This trend indicates that the fraction of
Zn?" centers which form zinc-chloro complexes or polymeric species are increasing.3%:57:58

Although the structural details with high ZnCly concentrations in similar systems are not

15



fully understood yet,3%%%%9 the formation of zinc-chloro complexes indicates that Cl™ ions
coordination dominates over EG on increasing the CI":EG molar fraction in the system.
Notably, the chelation of Zn?" center of the zinc salts by EG solvent differs from their aprotic
counterpart glyme solvents studied previously and the differences are briefly discussed in the

supporting information (Note S1).

Structure-physicochemical properties correlation

The structural findings between Zn salts and EG can explain the trends in the physico-
chemical properties discussed in the previous section. For both the Zn(OTf), and ZnCl,
cases, as we increase the salt concentration in EG, we can make the following inferences
regarding the viscosity and the ionic conductivity. Firstly, as the available EG molecules
in the system reduce and most of the solvent molecules are used up in coordinating with
Zn*", the fraction of the uncoordinated or “free” EG solvent molecules reduce. Consistent

d, 193960 g reduction in the

with the trend in most other concentrated electrolytes develope
available free solvent molecules will increase the viscosity (fig 1¢,1d). Secondly, in terms of
conductivity, we observe that the conductivity initially increases, reaches a maximum and
then decreases again. This behaviour is also consistent with other concentrated electrolytes
developed.3®5° On increasing the salt concentrations initially, we increase the mobile charge
carriers which increases the conductivity. However, further increasing the charge carriers
beyond a limit might increase the ion-pairing/aggregation rather than mobile free ions as
also observed in other concentrated electrolytes. %" The increased ion aggregation along with
the rise in the viscosity will reduce the ion mobility, and hence the conductivity decreases
(fig 1c,1d).1539

Furthermore, at saturation levels of the zinc salt concentrations, most of the EG molecules
form coordination bonds with the Zn?" ion center by donating their electron lone pairs from

O to Zn%". A similar bonding phenomenon has also been observed by Yoshida et al. between

the O atoms of glyme solvent molecules and Li*.% The reduction of the electron density of O
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atoms will lower the highest occupied molecular orbital (HOMO) level of the EG molecules.
Simultaneously, the shortage of free/uncoordinated EG solvent molecules at near saturation
salt concentrations also reduces their activity.?? These two factors will result in enhancing
the electrochemical voltage window of the EG electrolytes at higher salt concentrations (fig
le,1f).

To explore the application of these saturated EG electrolytes in RZIBs, we investigate

the electrochemical performance of these systems in the following section.

Electrochemical characterization

As a first step to check the feasibility of using the EG-based electrolytes in RZIB, we
examined the chemical stability of the zinc metal in these electrolytes and compare it with
the conventional aqueous electrolytes. We dip zinc foils in either the EG or water-based
electrolytes for three weeks and investigate the phases on the zinc metal surface (fig S7).
In the case of water-based electrolytes, we see that a white passivation layer forms on the
zinc foil surface. Moreover, we also detect the formation of a new phase in the XRD pattern
(fig S7c,d) . These results are similar to the previous studies on zinc foil aging in aqueous
ZnSO, or ZnClO, electrolytes, wherein basic zinc salts (BZS) precipitated on the zinc foil
surface.%%%3 Indeed, the new phases in our aged foils could also be indexed to the BSZ
Zny(OTf)y(OH)axy.nHy0 (in Zn(OTf)y) and Zns(OH)gCly.HyO (in ZnCly) (fig S7c,d). 6479
We discuss more about these phases later in this work. These phases are expected to form
because: 1) the aqueous electrolytes are mildly acidic and produce Hy gas spontaneously
when in contact with the zinc metal.»!3 2) As a result of the consumption of the protons,
the pH of the electrolytes will rise and the electrolyte salts will precipitate out.%>%” The

corresponding reactions can be written in the following equations. %

Zn — 7Zn*" 4 2e (1)
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2H,0 + 2¢ — H, + 20H" (2)
(in aq ZnCly) 5Zn*" + SOH + 2CI” + H,O — Zny(OH)4Cl,- HyO; or (3a)

(in aq Zn(OTf)y) 2Zn*" + (20 —y)OH + yOTf + nHyO — Zny (OTf),(OH)yy - nH,0
(3b)
On the other hand, no such phases in XRD were observed when zinc foils are aged in the
EG-based electrolytes. This trend can be expected as unlike aqueous electrolytes, the EG-
based electrolytes have almost negligible water content; and previous studies have shown
that reducing or eliminating the electrolyte water content suppresses the BZS precipitation
as water molecules are a crucial component to form these phases.?2:66:68
To investigate if the EG based electrolytes can support a reversible zinc stripping/plating
with a zinc metal anode, we perform the galvanostatic stripping/plating in symmetric Zn|Zn
cells using these electrolytes. At a current density of 0.5 mA /cm? and 1 h deposition intervals
(0.5 mAh/cm? per half cycle), Zn(OTf)y/EG system could cycle for more than 600 h, or
nearly 2.4 times longer than Zn(OTf),/water system (fig 4a). A similar trend was also
observed in the case of ZnCl, where the cell could run for 250 h, or 2.7 times longer than the
water counterpart (fig S8a). Notably, the overpotential in the EG-based electrolytes observed
is higher when compared to their water counterparts. This can be ascribed to lower ionic
conductivities in EG-based electrolytes and this trend is consistent with zinc electrolytes
developed with other hydrogen bond donors.'? Nevertheless, the overpotential profiles in
the EG electrolytes remain smooth without large fluctuations. On the other hand, the
water-based electrolytes either showed very high overpotentials (fig 4a), or the overpotentials
dropped to nearly zero indicative of short-circuiting (fig S8a).% Additionally, when the coin
cells were examined visually after this test, the coin cells with EG-based electrolytes were
intact (fig S8b). On the other hand, the coin cells with water-based electrolytes either
showed swelling or opened. This opening/swelling of coin cells has also been observed in

cycling water-based electrolytes previously and can be ascribed to electrolyte decomposition
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and hydrogen gas evolution. %! To further investigate the failure mechanism during the zinc
stripping/plating tests, we carry out the post-mortem XRD and SEM analysis of the cycled
zinc foils.

In the case of Zn(OTf), /EG electrolyte, the optical image of the zinc foil and the separator
shows that the separator remains intact (fig 4b). The SEM image of the zinc foil shows that
the zinc foil deposition occurs in granular morphology (fig 4b), and the XRD pattern appears
very similar to the fresh zinc foil (fig 4d). On the other hand, the optical image of the cell
cycled in Zn(OTf), /water electrolyte gives a clear evidence that the zinc dendrites grow and
can even pierce the separator (fig 4c). The SEM image of the zinc foil shows that a plate
like morphology grows on the zinc foil. Moreover, this cycled zinc foil shows a new phase in
the XRD pattern (fig 4d). The new phase can be ascribed to the BZS of Zn(OTf), discussed
previously. This phase has also been observed in RZIBs with Zn(OTf),/water electrolytes,
however, it is not well characterized.%™ The BZS is a common family of zinc salts where
Zn(OH)g units form sheets which sandwiches water and the salt anion molecules like CI,
NO;, CH;COO™ etc.%® Similar to the BZS with acetate anions,® the obtained OTf based
BZS can be indexed to a hexagonal phase with a= 7.023(3) A and ¢ =13.456(1) A. This
layered BZS phase as expected will grow as sheets as also observed in the SEM image. On
the similar lines, the ZnCly /water system also shows Zns(OH)gCly. H,O BZS phase (ICSD 01-
074-3156) ! grows as sheets on the zinc foil which is suppressed in the EG solvent (fig S9).
Therefore, EG based electrolytes can suppress the parasitic reactions such as electrolyte
decomposition, dendrites and corrosion reactions during zinc stripping/plating which are
commonly observed with water-based electrolytes.

Finally, to demonstrate the benefits of EG as an electrolyte solvent in a full cell RZIB,
we compared the electrochemical performance of EG based electrolyte with a conventional
water-based electrolyte using a Zn-FeVO, system. In the case of aqueous electrolytes, al-
though we see a high discharge capacity of ~ 250 mAh /g during the initial cycles, only 33.8

% of the initial capacity is retained after 100 cycles (fig 4e). This severe capacity fade has
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XRD pattern of the zinc foils post-cycling.

(e) Comparative cycling performance for a full

cell Zn-FeVO, battery with EG and water as solvent.
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been ascribed to the cathode material dissolution caused by free water solvent molecules
in aqueous electrolyte.!143%72 This cathode material dissolution is also reflected when the
cathode material powder is stirred in the aqueous electrolyte for a week and the electrolyte
solution turns colored as also observed with other vanadium based cathode materials in
water-based electrolytes (fig S10).1%7™ In the case of EG-based electrolytes, we observe
that the initial capacity is ~ 170 mAh/g, which is lower compared to aqueous electrolytes.
This is also reflected in the galvanostatic charge discharge curves of the two systems (fig S11).
This can be ascribed to the slower kinetics due to a relatively low ionic conductivities of EG-
based electrolytes as has also been observed with other hydrogen bond donor based zinc
electrolytes.'®'3 However, a much improved capacity retention of 63% is observed; nearly
two folds higher than when using water-based electrolytes. A similar improvement in the
capacity retention has also been observed in electrolytes with near-saturation level of salts
in water, and the reason has been previously ascribed to a reduced cathode material disso-
lution when the free/uncoordinated solvent molecules reduce.™” Therefore, the saturated
EG-based electrolytes mitigate the unwanted cathode-electrolyte interactions to improve the

capacity retentions.

Conclusions

In this study, a polar protic solvent consisting of bidentate ligand molecules, ethylene
glycol, was demonstrated as an effective electrolyte solvent for zinc salts. Not only can EG-
based electrolytes be made in an ambient environment, but they also demonstrate a high shelf
life of 10 months and can resist crystallization down to temperatures as low as -80 °C. More-
over, EG has high zinc salt solubilities and can stabilize salt:solvent molar ratios higher than
1:5. At the maximum salt concentrations, a drastic reduction in the free/uncoordinated EG
solvent molecules suppresses electrolyte decomposition reactions which expands the anodic

stability window. This enables operational voltage windows beyond those of conventional
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water-based electrolytes, up to 2.2.V.

From the RZIB perspective, the EG-based electrolytes mitigate the problems encountered
in water-based electrolytes by reducing: 1) the electrolyte decomposition and gas evolution
during the stripping/plating at the zinc metal anode, and 2) the capacity fade due to cathode
material dissolution. Thus, capacity retention is improved by nearly two folds. EG is there-
fore found to be a promising electrolyte solvent, which should encourage further exploration
of similar ligands for use in zinc electrolytes.

Finally, we demonstrate that the physico-electrochemical properties of these EG-based
electrolytes are dependent on the way anions and the EG solvent molecules compete to bind
with Zn?" to form the Zn%" coordination sphere. We elucidate that for a given chelating
solvent like EG, the Zn?" coordination sphere can be tuned when varying two crucial factors:
1) the zinc salt: solvent ratio and, 2) the anion coordination strength (fig 5). We demon-
strate that with a chelating solvent like EG, full solvation of Zn?" is feasible only when the
anion is weakly coordinating (CF3SOj3) and present in dilute concentrations. On the other

extreme, when the anion is strongly coordinating (Cl7) and present at very high concen-
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trations, the Zn?" is predominantly forming aggregates with the salt anions itself. For the
other intermediate cases (fig 5), both the EG and the anion will coordinate with the Zn?*
ion center. Thus, these findings provide a guideline for estimating the coordination sphere of
the multivalent cations when selecting the chelating solvent, salt and the salt concentration
for multivalent-ion electrolytes (Zn, Mg, Ca, Al) where high salt cation-anion dissociation is

desirable.
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