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ABSTRACT: Rechargeable zinc (Zn) metal batteries are attractive for use as electrochemical
energy storage systems on a global scale because of the low cost, high energy density, inherent
safety, and strategic resource security of Zn metal. However, at low temperatures, Zn batteries
typically suffer from high electrolyte viscosity and unfavorable ion transport properties. Here,
we studied reversible Zn electrodeposition in mixtures of 1-ethyl-3-methyl-imidazolium
bis(trifluoromethylsulfonyl)imide ([EMIm]TFSI) ionic liquid, y-butyrolactone (GBL)
organic solvent, and Zn(TFSI), zinc salt. The electrolyte mixtures enabled reversible Zn
electrodeposition at temperatures as low as —60 °C. An electrolyte composed of 0.1 M
Zn(TFSI), in [EMIm]TFSI:GBL with a volume ratio of 1:3 formed a deep eutectic solvent
that optimized electrolyte conductivity, viscosity, and the zinc diffusion coeflicient. Liquid-
state 'H and "*C nuclear magnetic resonance (NMR) spectroscopy and molecular dynamic
(MD) simulations indicate increased formation of contact ion pairs and the reduction of ion
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aggregates are responsible for the optimal composition.

As low-cost rechargeable batteries have become more
widespread over the past decade, the market for battery-
powered devices, equipment, and vehicles has grown
significantly. There now exists a demand for batteries that
function in low-temperature environments such as high
altitude, cold climates, or outer space. However, most
rechargeable batteries are limited to operation at moderate
temperatures. Although heaters are commonly employed to
maintain a suitable operating temperature in cold environ-
ments, they add mass, volume, and system complexity while
reducing overall gravimetric and volumetric energy density.
Thus, there is a need for batteries that can function at low
temperatures without thermal management."

The lower operating temperature for batteries is often
limited by the freezing point of the electrolyte or by slow ion
transport. Methods in lithium-ion battery research for lowering
electrolyte operating temperature include combining dissimilar
organic solvents to improve ion transport” and lowering the
solvent freezing point.” These methods have been successful in
enabling moderate low-temperature operation of lithium-ion
batteries for commercial use; however, the recommended
operating temperature is typically limited to —20 °C*” because
the energy delivered at low temperature is drastically reduced.’
For many applications, this limit is restrictive. For example,
widespread, reliable use of electric vehicles requires operation
at —30 °C,° and many defense and space applications require
operation at —50 °C and below."” Thus, low-temperature
performance must be improved to enable new applications for
rechargeable batteries.
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TFSI'?

One strategy to enable battery operation at low temperatures
is to use ionic liquids (IL) or deep eutectic solvents (i.e., liquid
mixtures at or near their eutectic point®) that have wide liquid
temperature windows, remaining liquid below —100 °C in
some cases.”'” The broad operating temperature ranges
afforded by this wide liquid window are attractive for use in
extreme environments, such as in aerospace applications. ILs
are also attractive for their high electrochemical stability
windows, which enable operation at high potentials, and
nonflammability, which improves safety.'' Alternative battery
chemistries to lithium-ion batteries are being considered for
low temperature applications. Batteries using zinc metal (Zn)
have been the subject of recent studies'>"” in part because of
the low cost, high energy density, low toxicity, inherent safety,
and strategic resource security of Zn metal. Zn has historically
been used in single-discharge alkaline batteries for over a
century, and more recently, there has been growing interest in
developing rechargeable Zn batteries for applications such as
grid storage, renewable energy storage, and electrified trans-
portation. 16

Ionic liquid electrolytes have been a growing subject of
research for improving the reversibility of Zn electroplating
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Figure 1. (a) Variable-temperature galvanostatic cycling of symmetric Zn-Zn two-electrode cells at 0.01 mA cm ™ using 0.1 M Zn(TFSI), in
[EMIm]TFSL:GBL (1:3 vol. ratio). (b) Maximum recorded potentials at temperatures of 25, 0, =20, —40, and —60 °C using 0.1 M Zn(TFSI), in
[EMIm]TFSI:GBL with volume ratios of 0:1, 1:9, 1:3, 1:1, 3:1, and 1:0 (indicated on plot) as well as 1.0 M Zn(TFSI), in [EMIm]TFSI:GBL with
a volume ratio of 1:1 (indicated by *). Mixing the [EMIm]TFSI and GBL lowered the overpotential up to a factor of ~10.

and stripping by eliminating the hydrogen evolution reaction
(HER) that occurs at the Zn metal electrode in aqueous
electrolyte. Recently, a 1-ethyl-3-methyl-imidazolium (EMIm)
tetrafluoroborate ionic liquid electrolyte was shown to suppress
hydrogen generation and dendrite growth, improving Zn
electrode performance.'” Additionally, in a deep eutectic
solvent of acetamide and zinc bis(trifluoromethylsulfonyl)-
imide (TFSI), the TFSI™ anion was shown to decompose,
forming a solid electrolyte interphase that enables reversible
Zn electroplating.'® Other mixed-solvent systems have also
shown promise for enabling low-temperature Zn batteries."”
Despite these advantages, ionic liquids can have low specific
ionic conductivities compared to aqueous electrolytes, often
resulting from high viscosity at low temperatures” or high Zn
salt concentrations.”’ One strategy to decrease viscosity and
improve ion mobility is to mix the ionic liquid with an organic
solvent, such as y-butyrolactone (GBL), as demonstrated for
low-temperature supercapacitors.”” Separately, GBL has also
been shown to enable the reversible electrodeposition of
aluminum due to its ability to coordinate with multivalent
cations.”

Here, we show that electrolyte mixtures composed of
[EMIm]TFSI ionic liquid, GBL organic solvent, and Zn-
(TESI), zinc salt exhibit improved Zn electroplating and
stripping at low temperatures compared to single-solvent
electrolytes. An electrolyte composed of 0.1 M Zn(TFSI), in
[EMIm]TFSI:GBL with a volume ratio of 1:3 formed a deep
eutectic solvent with the greatest specific conductivity, highest
Zn diffusivity, and lowest viscosity, which enabled reversible
Zn electroplating and stripping at temperatures as low as —60
°C.

Electrolyte composition was varied, specifically the [EMIm]-
TFSI, GBL, and Zn(TFSI), content, and the resulting
electrolyte mixtures were studied to examine if they exhibited
improved abilities to reversibly electroplate and strip Zn metal
at low temperatures compared to single-solvent electrolytes.
Galvanostatic cycling experiments were performed on
symmetric Zn-Zn two-electrode cells at temperatures between
25 and —60 °C using electrolyte formulations with varying
[EMIm]TFESI:GBL volume ratios and Zn(TFSI), concen-
trations. For example, a variable-temperature galvanostatic
cycling experiment performed with an electrolyte composed of
0.1 M Zn(TESI), in [EMIm]TFSI:GBL with a volume ratio of
1:3 enables reversible Zn electroplating and stripping down to
—60 °C (Figure la). For all experiments, the maximum
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potential recorded at each temperature was plotted to compare
low-temperature performance between electrolyte formulations
(Figure 1b). If a data point is not shown for an electrolyte at a
given temperature, then its potential reached the cutoff
potential of 1 V, and the experiment was stopped.

Comparing Zn electroplating and stripping in different
electrolyte formulations reveals the benefits of mixing
[EMIm]TFESI and GBL. At 25 °C and zinc salt concentrations
of 0.1 M Zn(TFSI),, the total overpotential reached 0.41 or
0.32 V for the single-solvent electrolytes using [EMIm]TFSI
ionic liquid or GBL organic solvent, respectively, but only 0.04
V for a mixture consisting of [EMIm]TFSI:GBL in a volume
ratio of 1:3. Thus, the total overpotential was up to an order-
of-magnitude lower when using the mixed-solvent electrolyte,
compared to the single-solvent electrolytes. This ~10X
reduction in overpotential reveals a striking improvement in
electrochemical performance upon mixing the two solvents.
Further, the single-solvent electrolytes did not support Zn
electroplating and stripping within the 1 V limit at temper-
atures below —20 °C, whereas the mixed-solvent electrolyte
containing a 1:3 volume ratio of [EMIm]TFSI:GBL cycled
reversibly down to —60 °C. Comparing different [EMIm]-
TFSI:GBL solvent ratios, when the GBL content is increased
to a volume ratio of 1:9, the electrolyte no longer supports
facile reversible plating and stripping at —60 °C. Thus, there
exists an optimal electrolyte composition near a 1:3 volume
ratio of [EMIm]TFSI:GBL.

Comparing zinc salt concentrations of 0.1 and 1.0 M
Zn(TFSI), in [EMIm]TESI:GBL with a 1:1 volume ratio
reveals that a lower Zn salt concentration enables improved Zn
electroplating and stripping at lower temperatures. The two
electrolytes have similar overpotentials at 25, 0, and —20 °C;
however, at —40 °C and below, the electrolyte with 1.0 M
Zn(TFSI), does not support electroplating and stripping
within the 1 V limit, whereas the 0.1 M Zn(TFSI), electrolyte
does. This result indicates high salt concentration does not
support facile electroplating and stripping at lower temper-
atures because of the electrolyte’s significantly higher viscosity
and lower specific conductivity, as shown below. Overall, a low
concentration of Zn(TFSI), is critical for enabling reversible
plating and stripping at low temperatures down to —60 °C.

To further investigate the electrolyte properties influencing
reversible Zn electrodeposition, galvanostatic electrochemical
impedance spectroscopy (GEIS) and variable-rate cyclic
voltammetry (CV) were performed on different electrolyte
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formulations containing 0.1 M Zn(TFSI), at 25 °C to measure
their specific conductivities and estimate zinc diffusion
coefficients and electrolyte viscosities. GEIS data indicated
that the specific conductivity exhibits a maximum, 142 mS$
cm™, at a [EMIm]TFSI:GBL volume ratio of 1:3 (Figure 2a).
This specific conductivity was ~3X higher than those of the
single-solvent electrolytes, which were S0 and 44 mS cm™ for
electrolytes with [EMIm]TFSI and GBL, respectively.
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Figure 2. Electrolyte properties determined from electrochemical
experiments at 25 °C: (a) specific conductivity, (b) zinc diffusion
coefficient, and (c) viscosity of 0.1 M Zn(TFSI), in [EMIm]-
TESI:GBL with volume ratios of 0:1, 1:9, 1:3, 1:1, 3:1, and 1:0
(denoted on top horizontal axis).

Zinc diffusion coefficients (Figure 2b) and electrolyte
viscosities (Figure 2c) were calculated from variable-rate CV
data (Figure 3) via the Randles-Sevéik (eq 1) and Stokes-
Einstein (eq 2) relationships, respectively. The zinc diffusion
coefficient is a weighted average of contributions from any
solvated zinc species capable of electrodepositing to zinc metal
at the electrode surface, the process which gives rise to the
measured current on which the calculation is based. The
different solvated zinc species are analyzed by liquid-state
NMR measurements and MD simulations below. As a function
of electrolyte composition, the zinc diffusion coefficient
followed a similar trend to the specific conductivity and was
also the greatest, 5 X 107" m? s7!, for the electrolyte
composed of 0.1 M Zn(TFSI), in [EMIm]TFSI:GBL with a
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Figure 3. Cyclic voltammetry performed with glassy carbon rods and
a Zn-wire quasi-reference electrode acquired at 3 mV s™" and 25 °C
using electrolytes composed of 0.1 M Zn(TFSI), in [EMIm]-
TFSI:GBL with volume ratios of 0:1, 1:9, 1:3, 1:1, 3:1, and 1:0 as well
as 1.0 M Zn(TFSI), in [EMIm]TFSI:GBL with a volume ratio of 1:1.

volume ratio of 1:3. This mixed-solvent electrolyte had a zinc
diffusion coefficient ~100X higher or ~10X higher compared
to the single-solvent electrolytes using [EMIm]TFSI or GBL,
respectively.

The viscosity of the single-solvent electrolytes containing 0.1
M Zn(TFSI), in either [EMIm]TFSI or GBL solvents was
estimated to be approximately 100 or 10 cP, respectively. The
viscosity was the lowest, 0.7 cP, for the electrolyte mixture with
a 1:3 volume ratio of [EMIm]TFSI:GBL. Literature values for
neat [EMIm]TFSI and GBL without added zinc salt are 35 and
2 cP, respectively, which are expected to increase with the
addition of zinc salt. Thus, the viscosity estimates are
reasonable and confirm the utility of the Stokes—Einstein
equation even for nonideal solvents.

Additionally, the electrolyte composed of 1.0 M Zn(TFSI),
in 1:1 [EMIm]TFSI:GBL (data not shown) had a viscosity
~500X greater than that of the similar electrolyte containing
0.1 M Zn(TFSI),. The electrolyte with higher salt concen-
tration also had a specific conductivity of 30 mS cm™", which is
lower than all of the electrolyte formulations containing 0.1 M
Zn(TFSI),. The increase in viscosity and reduction in specific
conductivity upon salt addition explain why using lower
concentrations of Zn salt in these mixed electrolyte systems
resulted in lower overpotentials for reversible Zn electro-
deposition at lower temperatures.

Differential scanning calorimetry (DSC) experiments
establish that no thermodynamic phase transitions occur
between 25 and —80 °C (lower temperature limit of the
DSC equipment) in the electrolyte composed of 0.1 M
Zn(TFESI), in [EMIm]TFSI:GBL with a volume ratio of 1:3,
confirming its melting point is below —80 °C (Table 1 and
Figures S1, S2, S3, Supporting Information). Further, DSC
measurements reveal freezing points of —20 and —54 °C for
the single-solvent electrolytes composed of 0.1 M Zn(TFSI),

Table 1. Melting Points of Selected Electrolytes Measured
by DSC“

electrolyte composition with 0.1 M Zn(TFSI), melting point

[EMIm]TESI —20 °C
GBL —54 °C
[EMIm]TFSI:GBL, vol. ratio 1:3 <—80 °C

“Note that the lower temperature limit of the DSC equipment was
—80 °C.
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Figure 4. Liquid-state (a) 'H and (b) "*C single-pulse NMR spectra of 0.1 M Zn(TFESI), in [EMIm]TFSI:GBL with volume ratios of 0:1, 1:9, 1:3,
1:1, 3:1, and 1:0. (c) Relative '*C chemical shifts with respect to the single-solvent GBL electrolyte as a function of the [EMIm]TFSI volume
fraction. (d) Molecular structures of GBL, EMIm*, and TFSI~ with numbers corresponding to the 'H and "*C chemical shift assignments in (a)
and (b). Residual 'H signals from D,0, used as a locking solvent within a separate coaxial tube, are marked with * in (a).

in [EMIm]TFSI and GBL, respectively, slightly lower than
literature values of —16 and —44 °C for the neat solvents
without Zn salt, respectively, as expected. These results
confirm that [EMIm]TESI and GBL form eutectic mixtures,
where the melting point of the mixture is lower than those of
its individual components. Upon addition of 0.1 M Zn(TFSI),,
the greatest specific conductivity, highest zinc diffusion
coeflicient, and minimum viscosity were all observed when
using a mixture of [EMIm]TFSI:GBL in a volume ratio of 1:3.
Thus, [EMIm]TFSI:GBL in a volume ratio of 1:3 may be near
the eutectic point in the binary [EMIm]TFSI-GBL phase
diagram; further study of this mixture without zinc salt would
be interesting to determine if this is the case. Various
definitions for deep eutectic solvents exist, the simplest being
an electrolyte mixture at or near its eutectic point,” which we
use here. Note that some restrict classification to mixtures
whose melting point depression is greater than expected from
ideal mixing.”*

The reduced melting temperature upon mixing can be
understood thermodynamically in terms of increasing the
entropy of the liquid phase. Mixing two or more different
components increases the entropy of the system, while
choosing an asymmetric molecule such as the EMIm" cation
can increase entropy further.”>*® This increase in disorder
inhibits the efficient ordering of molecules in the electrolyte,
suppressing the melting point.””** In turn, ion mobility is
improved far from the melting point, resulting in the increased
specific conductivity, lower viscosity, and a greater zinc
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diffusion coefficient. These effects impact the physicochemical
properties of the electrolytes but do not fully explain the
remarkable performance of the optimal electrolyte, which is
influenced by the molecular-level solvation environments. To
better understand the origin of the optimum electrolyte
composition at molecular level, liquid-state NMR spectroscopy
and molecular dynamics (MD) simulations were performed.
Liquid-state 'H and *C single-pulse NMR experiments were
performed under quantitative conditions on electrolytes with
0.1 M Zn(TFSI), and different [EMIm]TESI:GBL volume
ratios (Figure 4a,b). The 'H single-pulse spectra for the single-
solvent electrolytes yielded 'H signals corresponding to either
EMIm* or GBL, as expected (Figure 4a). In the mixed-solvent
electrolytes, the EMIm" and GBL 'H chemical shifts increased
as the GBL content increased (i.e., volume ratio of [EMIm]-
TFSI:GBL decreased), a result of slightly reduced nuclear
shielding in these species due to average changes in
intermolecular interactions. As anticipated, the *C chemical
shifts for the single-solvent electrolytes corresponded closely to
their expected values (Figure 4b). However, upon mixing,
subtle changes in the '*C chemical shifts of the GBL signals
reveal insights into the local coordination environments
(Figure 4c). In particular, the '*C carbonyl signal of GBL
(carbon ‘1’) is strongly affected due to its role in Zn** cation
solvation; interestingly, the changes in shift of this '*C signal
mimic the trends of the viscosity curve (Figure 2c), rather than
the monotonic change that might be expected. As shown by
MD simulations below, this non-monotonic trend arises from a

https://doi.org/10.1021/acs.jpclett.3c00150
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Zn(TFSI), in [EMIm]TFSI:GBL with volume ratios of 0:1, 1:9, 1:3, 1:1, 3:1, 9:1 and 1:0. Inset: Schematic of a Zn-TFSI interaction, highlighting
Zn—O distances. (b) RDF of Zn—O distances between Zn>* and the GBL carbonyl oxygen atom. Inset: Schematic of a Zn-GBL interaction,
highlighting the Zn—O (carbonyl) distance. (c) Mean number of GBL and TFSI molecules in the primary Zn solvation sphere. (d) Snapshot of the
MD simulation box for the single-solvent electrolyte composed of 0.1 M Zn(TFSI), in GBL at 298 K. (e) Representations of ion aggregates (AGG)
and Zn-TFSI contact ion pairs (CIPs) in this electrolyte. (f) Percentage of Zn** cations within ion aggregates for each electrolyte formulation.

combination of competing effects associated with the primary
and secondary solvation shells of Zn** cations, including
changes in the GBL and TFSI coordination numbers, Zn-GBL
interaction distances, and ion aggregation.

The effect of Zn(TFSI), concentration was also investigated
by comparing liquid-state 'H and '*C NMR spectra acquired
on electrolytes with 0.1 or 1.0 M Zn(TFSI), in [EMIm]-
TFSI:GBL with a 1:1 volume ratio (Figure S4), yielding insight
into the coordinating ability of GBL. In particular, the "*C
chemical shifts associated with GBL change significantly with
increasing Zn(TFSI), salt concentration. While GBL mole-
cules experience changes in their local electronic environments
upon increased zinc salt concentration, as indicated by the
changes in "*C chemical shift, EMIm" cations exhibit negligible
change in their 3C chemical shifts, establishing that the
measured "*C shift changes are specifically due to interactions
of GBL with Zn®" cations. Most strikingly, the GBL '*C
carbonyl signal (carbon ‘1’) increased 5.3 ppm, from 179.1 to
184.4 ppm, while a concordant positive shift of 2.6 ppm was
observed for carbon ‘4, indicating reduced electron density
and hence decreased nuclear shielding for the oxygen-adjacent
carbon atoms in GBL upon coordination with Zn** cations.

To further elucidate the solvation structure of the Zn**
cations in this electrolyte, MD simulations were conducted on
electrolytes with 0.1 M Zn(TFSI), and [EMIm]TFSI:GBL
with different volume ratios. Changes in the coordination
environments of zinc were tracked by computing the radial
distribution functions (RDFs) of Zn—O distances between
Zn*" cations and either TFSI™ anions (Figure Sa, all oxygen
atoms) or GBL molecules (Figure Sb, carbonyl oxygen only)
for each electrolyte formulation. An intense RDF peak was
observed for the Zn—O (TSFI) pair at an average distance of

1.85 A, which is in agreement with values reported in the
literature.”” This RDF plot also has two sets of broad, low-
intensity peaks, at distances of approximately 4.1 and 6.2 A,
which correspond to the more distant oxygen atoms on the
same TFSI™ anion, as indicated by the inset schematic. The
RDF peak intensities decreased with increasing TFSI
concentration as RDF values are normalized to the bulk
number density of TFSI™ anions. Additionally, the higher
relative RDF peak intensities at lower concentrations of
[EMIm]TFSI indicate that TFSI™ anions preferentially form
contact ion pairs with Zn** cations at these compositions.
Interestingly, the peak at 6.2 A moves to higher values as
[EMIm]TESI is added, likely due to a reduction in ion
aggregation and change in average orientation of the TFSI™
anions relative to Zn**. The computed RDF for the Zn—O
(GBL carbonyl) pair yields peaks around 2 A indicating the
presence of GBL in the primary coordination sphere. The Zn**
cations exhibit greater interaction distances with GBL than for
TFS, as Zn*" interacts with TFSI™ anions electrostatically.
The primary solvation environment of the Zn*" cations can
be understood by analyzing the average coordination numbers
of GBL and TFSI Their relative quantities within the Zn>**
solvation sphere were determined by integrating the RDFs
(Figure SS). The total number of solvating species totaled six,
indicating octahedral coordination of the zinc (Figure Sc). The
TFSI coordination number increases with greater [EMIm]-
TESI content, which is also reflected in the greater average Zn-
GBL distance that likely occurs due to steric interactions
between GBL and the greater number of molecularly
proximate TESI in the solvation sphere. Interestingly, the
average number of TFSI™ coordinated to Zn’* in the single-
solvent electrolyte composed of 0.1 M Zn(TFSI), in GBL is
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close to three, despite the TFSI:Zn molar ratio being only 2:1.
A snapshot of the MD simulation for this electrolyte (Figure
5d) reveals that this outcome arises due to the existence of ion
aggregates, within which a single TFSI™ anion can coordinate
to two Zn*" cations (Figure Se).

The percentage of Zn** cations within ion aggregates was
inspected for each electrolyte formulation (Figure Sf). The
highest proportion of aggregated Zn (75%) was present in the
single-solvent electrolyte containing GBL. Increasing the
volume ratio of [EMIm]TFSI:GBL to 1:9 results in a stark
reduction in the percentage of Zn>" in aggregates (24%) and,
in turn, an increase in the formation of Zn-TESI contact ion
pairs. A minimum in the quantity of Zn** within aggregates
(12%) was observed for electrolytes with [EMIm]TFSI:GBL
in 1:3 and 1:1 volume ratios, followed by a monotonic increase
to 30% for the single-solvent electrolyte with [EMIm]TFSL

MD simulations and liquid-state NMR measurements thus
revealed multiple competing effects at the molecular level upon
increasing the [EMIm]TFSI content that explain the existence
of an optimum composition for reversible Zn electrodeposition
at low temperatures. These effects include changes in Zn-TFSI
contact ion pairs, the coordination numbers of GBL and TFS],
and the number of ion aggregates formed. Note that the
minimized jon aggregation in the electrolyte mixture with
[EMIm]TFSI:GBL in a volume ratio of 1:3, determined by
MD simulations (Figure 5f), coincides with the only mixture
capable of electroplating zinc at —60 °C and 0.01 mA cm™
within the 1 V limit, despite having similar overpotentials
compared to other mixtures (e.g, 1:9 or 1:1) at higher
temperatures (Figure 1b). Adding [EMIm]TFSI to GBL in
modest concentrations reduces ion aggregation significantly;
also, Zn-TFSI contact ion pairs are favored at lower
[EMIm]TFESI concentrations, the formation of which would
be expected to reduce the desolvation energy’”’' of Zn**
cations prior to electrodeposition due to repulsion of TSFI~
anions from the negatively charged zinc metal electrode.
Further increasing the [EMIm]TFSI content beyond a
[EMIm]TESI:GBL volume ratio of 1:3 results in increased
ion aggregation, greater numbers of TFSI™ anions coordinated
to Zn?" cations, and reduced numbers of Zn-TFSI contact ion
pairs, while macroscopically, the specific conductivity and Zn
diffusion coeflicient decrease while the viscosity increases. The
balance of reduced ion aggregation and Zn-TFSI contact-ion
pairing is particularly critical to understanding the molecular
nature of the optimum concentration of low-temperature Zn
electrodeposition, whose favorable electrochemical properties
cannot be fully explained only by macroscopic properties and
thermodynamic arguments.

Although this study focuses on improving low-temperature
performance of reversible Zn electrodeposition, often a wide
range of operating temperatures are required in the extreme
environments demanded by aerospace and defense applica-
tions. At high temperatures, limitations associated with
electrolyte conductivity are often minimal due to fast ion
transport; however, adverse side reactions often arise at
elevated temperatures, which accelerate capacity fade and cell
failure. Note that ionic liquids are generally more stable than
organic solvents at high temperatures.'' A future investigation
is thus warranted to evaluate the high temperature use of these
electrolyte mixtures.

In conclusion, electrolytes composed of Zn(TFSI), zinc salt
in mixtures of [EMIm]TFSI ionic liquid and GBL organic
solvent were used to enable low-temperature Zn electroplating
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and stripping. The optimized electrolyte mixture consisted of
0.1 M Zn(TFSI), in [EMIm]TFSI:GBL with a volume ratio of
1:3, which formed a deep eutectic solvent. This electrolyte
composition enabled reversible Zn electrodeposition at
temperatures as low as —60 °C and had the greatest specific
conductivity, highest Zn diffusivity, and lowest viscosity. Low
zinc salt concentration was found to be favorable at low
temperatures due to the significant increase in viscosity at
higher salt concentrations. Liquid-state 'H and C NMR
measurements revealed GBL to be in close molecular
proximity to Zn®* cations, playing an instrumental role in ion
solvation particularly through its carbonyl group. Molecular
dynamics simulations indicate that adding [EMIm]TESI in
modest concentrations to GBL disturbs ion aggregate
formation. Zn-TFSI contact ion pairs are favored at lower
[EMIm]TFSI concentrations, which would be expected to lead
to lower-energy zinc desolvation during electrodeposition at
the negatively charged zinc electrode. Further increasing the
[EMIm]TFSI content beyond a [EMIm]TFSI:GBL volume
ratio of 1:3 increases ion aggregation and reduces Zn-TFSI
contact ion pairs. Overall, this work reveals strategies for how
to design electrolytes that enable the low-temperature
electrodeposition of metal cations while demonstrating an
electrolyte mixture with applications for low-temperature Zn
metal batteries.

B METHODS

Electrolyte preparation. Electrolyte solutions were prepared, and
cells were assembled in an argon-filled glovebox with H,0O and
O, levels below 1 ppm. Electrolyte solutions were prepared at
room temperature by mixing 1-ethyl-3-methyl-imidazolium
bis(trifluoromethylsulfonyl)imide ([EMIm]TFSI) and y-butyr-
olactone (GBL) in [EMIm]TFSI:GBL volume ratios of 1:0,
3:1, 1:1, 1:3, 1:9, and 0:1. Zinc bis(trifluoromethylsulfonyl)-
imide (Zn(TFSI),) was added to 0.1 or 1.0 M (1:1 volume
ratio only) concentration based on the neat solvent volumes.
The salt and solvents were purchased from Thermo Fisher
Scientific without further purification.

Galvanostatic cycling. Zn-Zn symmetric two-electrode cells
were assembled using zinc foil (Thermo Fisher Scientific;
99.95% pure). Polytetrafluorethylene (PTFE) Swagelok unions
with diameters of 1/4” (6.35 mm) were used as airtight cell
housing. Molybdenum (Mo) rods or were used as current
collectors for both electrodes for galvanostatic testing. A glass
microfiber filter (GF/D, Whatman) was used as a separator. S0
UL of electrolyte was added to the 1/4” Swagelok cells.
Galvanostatic cycling was performed on an Arbin LBT battery
tester. Symmetric Zn-Zn cells were cycled at 0.01 mA cm™2 in
45 min half-cycles, which was repeated until the end of a
temperature testing period or until cell potential exceeded
+1.0 V to ensure stability of the Mo rods. Variable-
temperature electrochemical cycling was performed in an
environmental chamber (ESPEC BTZ-133) using the follow-
ing temperature sequence: 25, 0, —20, —40, —60, 25 °C.
Measurements were taken after a 1 h temperature equilibration
period. The temperature was held at each step for 10 h while
galvanostatic cycling was performed.

Electrochemical measurements. Cyclic voltammetry (CV) and
galvanostatic electrochemical impedance spectroscopy (GEIS)
measurements were performed in a three-electrode cell using a
Biologic VSP-300 potentiostat to determine the diffusion
coeflicient D of zinc ions, viscosity #, and specific conductivity
o of the electrolyte. The cell contained glassy carbon as the
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working and counter electrodes (Alfa Aesar; 0.1256 cm?) and
Zn-wire (Thermo Fisher Scientific; 0.5 mm tip radius) as a
quasi-reference electrode. CV curves were recorded between 1
and —0.5 V vs. Zn/Zn>" at variable scan rates (3 to 10 mV s™*)
to calculate Zn diffusion coefficients and electrolyte viscosities
by using the Randles-Sevcik (eq 1) and Stokes-Einstein (eq 2)
relationships, respectively:

FuD )"/
i = 0.4463zFAc0(Z - )
RT 1)
g T
6Drr (2)

where F is Faraday’s constant, R is the universal gas constant,
ky is Boltzmann’s constant, ¢, is the bulk concentration of Zn**
ions (0.001 to 0.0001 mol cm™), A is the electrode surface
area (0.1256 cm?), z is number of transferred electrons (2e7),
v is the scan rate (3 to 10 mV s™'), r is the Zn*" ion radius (70
pm), and T is the temperature (25 °C). GEIS measurements
were performed with a 100 yA perturbation signal at 0 mA
from 1 Hz to 500 kHz. The specific conductivity was then
calculated by the determined inner resistance, R, the inter-
electrode distance of 0.5 cm, and electrode area of 0.1256 cm?.

Differential scanning calorimetry. Differential scanning calo-
rimetry (DSC) measurements were performed using DSC
Q200 (TA Instruments). DSC samples were prepared in an
argon-filled glovebox with H,O and O, levels below 1 ppm.
For each electrolyte sample, 8 uL was placed into an aluminum
hermetic pan, weighed, and then sealed with a crimper within
the glovebox. The electrolyte samples were subject to the
following heat treatment. The sample was cooled initially from
room temperature at a rate of 2 °C/min down to —80 °C
before holding the temperature at —80 °C for 10 min. The
samples were then heated to 40 °C at a rate of 2 or 5 °C/min.

Nuclear magnetic resonance spectroscopy. Samples were
prepared inside 3 mm liquid NMR tubes sealed with epoxy
and inserted coaxially into 5 mm NMR tubes containing D,0
for the solvent lock to avoid interaction with the electrolyte.
Liquid-state 'H and "*C NMR experiments were performed on
a Bruker Avance III HD 600 NMR spectrometer with a 14.1 T
superconducting magnet equipped with a Bruker 5 mm Triple
Resonance Inverse TXI Probe (600S3 H—P/C—D-05 Z-
gradient) operating at 600.13 and 150.90 MHz for 'H and *C
nuclei, respectively. Liquid-state single-pulse "H NMR spectra
were acquired under quantitative conditions using 26 or 31
kHz rf field strengths (optimized on sample) as well as recycle
delays of 21—30 s (optimized on sample), after which all spins
relaxed to thermal equilibrium. Liquid-state single-pulse *C
NMR spectra were acquired using an 18 kHz 1f field strength
and 30 s recycle delays.

Molecular dynamics simulations. All simulations were
performed on GROMACS**® using the OPLS-AA force
field>* The OPLS parameters for the ionic liquid EMIm-
[TESI] were taken from Doherty et al,** whereas GBL was
parametrized using the LigParGen server.”® The nonbonded
interaction parameters for Zn** cations were obtained from Li
et al.>” An 8 nm cubic box with 28 Zn?* cations, corresponding
to a concentration of 0.1 M Zn(TFSI),, was employed for all
simulations. Initial configurations for each composition were
generated using PACKMOL.”® The particle mesh Ewald
(PME) algorithm®”*® was adopted for the electrostatic
interactions, and starting velocities were generated using a
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Maxwell distribution. Following energy minimization with the
steepest descent algorithm, each system was pre-equilibrated
with canonical ensemble (NVT) and isothermal-isobaric
ensemble (NPT) runs (1 ns each) at 298 K. The temperature
and pressure of the system were maintained using a modified
Berendsen thermostat and Parrinello-Rahman algorithm,
respectively."' The final runs were then performed for 500
ns at 298 K with a 2 fs integration step. Simulation trajectories
and zinc solvation structures were visualized using the VMD
software.”
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