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Abstract: Gel polymer electrolytes composed of deep eutectic
solvent Acetamide4:Zn(TFSI)2 and poly(ethylene oxide) (PEO) are
prepared using a fast, solvent-free procedure. The effect of the PEO
molecular weight and its concentration on the physicochemical and
electrochemical properties of the electrolytes are studied. Gels
prepared with ultra-high molecular weight PEO present pseudo-solid
behavior and ionic conductivity even higher than that of the original
liquid electrolyte. A decrease in the dendritic growth in soft gels with
PEO contents up to 1 wt. % is demonstrated. The changes in the
chemical structure of the electrolyte produced by the strong
interactions between ethylene oxide units and Zn?" have also been
studied. The addition of PEO takes the electrolyte out of its original
eutectic composition, producing blend crystallization. However, it is
possible to retain the eutectic point of the electrolyte in a gel form if
the addition of PEO is accompanied by the reduction of acetamide.

Introduction

The global demand for energy storage has grown exponentially
since the discovery of lithium-ion batteries,["? not due to the
development of portable electronic devices but also due to the
emergence of electric vehicles®™ and the necessity of large-scale
stationary energy storage for intermittent renewable energy
sources.” Lithium is a scarce element on earth and is not
geographically evenly distributed.®8! Therefore, alternative
chemistries to lithium-ion technology will play a key role in future
sustainability.”? 'In this regard, there are important efforts to
develop batteries based on different metals such as Na, Mg, Al,
or Zn.B-'% |n that context, a Zn-based battery is an attractive
alternative, owing to zinc’s large volumetric capacity, abundance,
and superior safety compared to lithium and other metals.['"12
However, the use of common corrosive alkaline electrolytes leads
to dendrite growth and soluble ZnO2* formation on the Zn
anode.l'®'l Consequently, a switch to a non-aqueous solution
was suggested, which induces a change in its working

mechanism towards the “rocking chair’ type where Zn?" ions
migrate between the two electrodes.!'”

Initially, electrolytes based on room temperature ionic liquids
(RTIL), e.g., EMImTFSI (1-Ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide) and BMImTFSI (1-Butyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide), attracted
interest due to their negligible vapor pressure, high ionic
conductivity, and high thermal and electrochemical stability.['817]
However, their high cost nullifies the advantage of the low-cost Zn
anodes. Another type of solvent has recently gained attention as
an alternative to conventional RTILs: deep eutectic solvents
(DESs).I"® They are usually created from two or three non-toxic
and environmentally benign components, which can self-organize
through hydrogen bond interactions to form a eutectic mixture with
a melting point significantly lower than those of their components.
The characteristics of DESs are mostly controlled by the
structures of constituent components, which can be tailored to
specific chemistry or application. Despite their versatility, DESs
have common properties such as decreased vapor pressure and
toxicity, high metal solubility, easy preparation, and low cost.["%]
Several Zn DES have been reported to date:®? choline
chloride/urea or ethylene glycol with ZnCl2,?"! acetamide (ACE)
with either Zn(ClO4)2?@ or Zn(TFSI)2.2 All these DESs are
comparatively cheap, non-flammable, and exhibit low vapor
pressure. When used as electrolytes, they have proved to be able
to deposit Zn on electrode surfaces? and to intercalate it in MnO2
cathodes.”!l The DESs based on Zn(TFSl)-acetamide mixture
are especially attractive for battery applications as they generate
in-situ solid electrolyte interphase, increasing electrode efficiency
and battery lifetime.[?®! However, the growth of dendrites is still an
urgent issue, and further research is needed to suppress its
nucleation and growth effectively.

Tuning the electrolyte consistency was shown to be one of the
possible ways of dendrite suppression.?>% Using polymer-based
solid, quasi-solid, or gel electrolytes prevents leaks and
suppresses dendritic growth. However, adding a polymer to a
liquid electrolyte may decrease the ion conductivity significantly,
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which is particularly detrimental for the Zn-containing DESs as
their ionic conductivity is already rather low. Moreover, there was
a period in which researchers assumed that inhibiting dendrites

involved creating a mechanical resistance to their growth,?"?j e ,

the polymer electrolytes needed to show relatively high elastic
modulus to stop dendrites, consequently lowering the ion mobility
substantially.[?]

However, in 2014, Archer and co-workers reported a chemically-
crosslinked polymer gel electrolyte with a low elastic modulus that
can suppress dendrites in a Li cell.”®® The work on the effect of
adding a low concentration of polymers to electrolytes on dendrite
suppression has been reported for different metal electrodes
since 2018.%% In 2019, the same authors reported on the
electrochemical performance of ultra-high molecular weight
(UHMW) poly(methyl methacrylate) (PMMA) and organic liquid
electrolytes (propylene and ethylene carbonate, dimethyl
sulfoxide) containing Li, Na, Zn, and Cu salts.®” They produced
viscoelastic gels while keeping the UHMW polymer concentration
under around 1 wt. % such that its impact on the ionic conductivity
is negligible. Homogeneous electrodeposition of metallic cations
without dendrite formation was observed when these gels were
used, which is attributed to the reduction of electroconvection in
gel electrolytes compared to their liquid counterparts.

An increased homogeneity in electrodeposition has been
observed for other battery systems when polymer gels are
employed: K-based®" cell with polyvinylidene difluoride (PVDF)
gels reinforced with polyacrylonitrile (PAN) fibers and Mg-
basedl®d cell with in-situ polymerized poly(tetrahydrofuran). For
the case of Zn-based cells, using polymers such as polyethylene
glycol (PEG),®® polyacrylamide,® poly(acrylic acid)  and
poly(vinyl alcohol) electrolyte,®® and poly(ethylene oxide)
(PEO)B% with an average molecular weight of 100 000 g mol™' as
an additive in aqueous Zn electrolytes has shown to inhibit the
dendritic growth on Zn anodes and prolong the lifetime of the
cells.?d

It is worth noting that dendritic growth in Zn-based cells is
suppressed for both PEO with an average molecular weight of
100 000 g mol'® and UHMW PMMA despite their different
influence on the ionic conductivity; the ionic conductivity is
decreased for PEOPA while it remains unchanged for UHMW
PMMA.? These results suggest the potential benefits of
incorporating UHMW polymer gel electrolytes in Zn batteries as
they can help to mitigate the dendrite growth without reducing the
ion conductivity. UHMW PEO is soluble under certain conditions
in a wide variety of metal cation electrolytes,®*%7 including Al, Na
and Li DESs and RTILs, making it possible to prepare polymer
gels with very low PEO concentrations without introducing any
auxiliary solvents.

In this work, gels consisting of eutectic acetamide and zinc
bis(trifluoromethanesulfonyl)imide (Zn(TFSI)2) mixture and PEO
have been prepared while varying PEO molecular weight and
concentration and the acetamide/Zn(TFSI). ratio. Their rheology,
chemical structure and phase transitions have been studied to
understand the impact of the PEO concentration and molecular
weight on the eutectic equilibrium of the DESs and the ionic
conductivity.  Subsequently, dendrite  mitigation, cycling

performance, and reversibility have been studied for selected gels.

We found that the gels prepared with UHMW PEO at low
concentrations show higher ionic conductivity and strong dendrite
suppression than the liquid DES.

10.1002/cssc.202300256
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Results and Discussion

Two sets of blends are prepared, and their glass transition
temperature (Tg), ionic conductivity (o) and rheological properties
are studied. First, blends are prepared by adding 1 wt. % of PEO
to  ACE4Zn(TFSl)2 (corresponding molar ratio of
ACE4PEQ0.2Zn(TFSI)2) with different molecular weights (MW) to
investigate the impact of the PEO presence and its MW variation.
Subsequently, the second batch of gel electrolytes with a varying
molar ratio between ACE, PEO, and Zn(TFSI)2 was compared to
understand the effect of their relative concentrations.

Formation of the gel network in the eutectic ACE«Zn(TFSI)2
with 1 wt. % PEO

Gel electrolytes are made by adding 1 wt. % PEO of varying MW
to ACE4Zn(TFSI)2. Three different MW of PEO, 100 000, 900 000,
and 5 000 000 g mol”, are studied, and these samples are
denoted as ACE4PEQ02Zn(TFSI)2-1, ACE4PEQ0.2Zn(TFSI)2-9,
ACE4PEQ02Zn(TFSI)2-50, respectively. The suffix in the name
corresponds to the MW of PEO in 100 000 g mol"'. The effect of
PEO and its MW variation on Ty, g, and rheological properties of
ACE4Zn(TFSI)2 is shown in Table 1. ACE4PEQo.2Zn(TFSI)2-50
presents the highest ionic conductivity, even higher than that of
the liquid electrolyte while having the most solid-like character,
which is represented by the low crossover frequency between the
storage modulus (G’) and the loss modulus (G”). It is also
interesting to note that both the conductivity and viscosity
increase as the MW is increased, which presents the potential to
develop solid and quasi-solid electrolytes with good mechanical
and electrochemical properties.

Table 1. Ty, o, Newtonian viscosity (no), plateau storage modulus (GoV) and
crossover (G'=G”) of ACE4Zn(TFSI)z and its blends with 1 wt. % PEO of different
MW.

Ty 0-10° Rheology at 60 °C
S-cm™!
Sample no G G=G”
°C 40°c 60°C
Pas Pa rad s
ACE4Zn(TFSI)2 -37.5 0.37 0.99 - - -
ACE4PEQ0.2Zn(TFSI)2-1 -37.0 0.60 1.70 0.45 - >100
ACE4PEQ02Zn(TFSI)-9 -37.0 0.57 1.65 29.0 - >100

ACE4PEQ02Zn(TFSI)-50 -37.0 0.77 2.25 315 60 0.60

The physicochemical properties of these electrolytes are shown
in Figure 1. The differential scanning calorimetry (DSC) scans in
Figure 1a show the phase transitions and relaxations of
ACE4Zn(TFSI)2 and its blends with PEO. The first heating scans
(solid lines) show the melting of crystalline species at 54 °C in the
blends of ACEsZn(TFSIl). with PEO, although liquid
ACE4Zn(TFSI)2 has no transitions above its Tg, which is observed
at-37.5 °C. This result reveals that PEO is not an inert component
in the blend. PEO is known is to interact with ACE®® and also with
Zn?* ion when PEO is mixed with zinc chloride ¥ zinc bromide
complexest ! and aqueous solutions containing zinc acetate and
zinc chloride.®" The interaction of PEO with DES shifts the DES
formulation away from its eutectic point where it is fully liquid,
inducing the coexistence of liquid and crystalline phases. The
melting endotherm at 54 °C in the first scan of the blends is
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smaller in the second heating scan (dotted lines) or even absent
for ACE4PEOQ0.2Zn(TFSI)2-50. This trend suggests that the phase
separation and crystallization produced by the incorporation of
PEO is slowed down by viscosity, which is particularly high in
ACE4PEOQo.2Zn(TFSI)2-50.

——ACE,Zn(TFSI), ACE,PEO, ,Zn(TFSI),-1

ACE,PEO, ,Zn(TFSI),-0 ——ACE,PEO, ,Zn(TFSI),-50

Endothermic

-100 -50 0 50 100 150 1500 1350 1200 1050 900 1750
T/(°C) wavenumber (cm”)
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C
) /o/o
<107 "
E / /°
o /o/o
[ 9 '3
Z104 4,
o s
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5|
10 20 30 40 50 60 70
T/(°C)

Figure 1. Physicochemical properties of gel electrolytes with 1% PEO of
different chain lengths: a) first (solid line) and second (dotted line) DSC heating
scans; b) FTIR spectra from 700 to 1500 cm™ recorded on freshly prepared gels
(color lines) and after 15 days (grey lines) ACE4Zn(TFSl). in black and
ACE3Zn(TFSI)2 in red are added for comparison; c) ionic conductivity at
temperatures between 10 °C and 70 °C. The ACE4PEQo2Zn(TFSI)2-1 curve in
c) is not clearly visible since it almost coincides with the curve of
ACE4PEQ0.2Zn(TFSI)2-9.

The Fourier transform infrared (FTIR) spectra of the three gel
samples are collected immediately after the gel processing and
15 days later to study the speciation changes in the DESs upon
the addition of PEO and the possible kinetic effects of the PEO
MW, which are shown in Figure 1b and S2. The spectra for
ACE4Zn(TFSI)2 and ACEsZn(TFSI)2 are also included for a
comparison with an eutectic and non-eutectic mixtures,
respectively. The FTIR spectra of fresh gels, very similar to that
of ACE4Zn(TFSI)2 do not show bands at 758, 823, 973 and 1385
cm™. However, all these four bands, present in the non-eutectic
mixture  ACEsZn(TFSI)2 show up as peaks in
ACE4PEQ0.2Zn(TFSI)2-1 and ACE4PEQO0.2Zn(TFSI)>-9 gels after
15 days. For the ACE4PEQO0.2Zn(TFSI)2-50 gel, the vibrations at
823 and 973 cm™ appear only as shoulders, while the vibrations
at 758 and 1385 cm™' does not appear. This suggests that these
bands are related to crystalline species formed after the gels are
cooled down to room temperature (RT) at different rates
depending on the environment viscosity (i.e., depends on the
molecular weight of PEO). The FTIR and DSC results agree very
well, proving that adding a small concentration of PEO to
ACE4Zn(TFSI)z2 induces a phase separation in the DESs, whose
rate depends on the viscosity of the blend. The phase separation
rate is the slowest for the ACE4PEQ0.2Zn(TFSI)2-50 sample with
the highest viscosity.

The ionic conductivity (o) of all electrolytes follows the Vogel-
Fulcher-Tamman model where Ino decreases linearly when

10.1002/cssc.202300256
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1
(T-To)’
liquids (see Figure S3 in the Supporting Information). Remarkably,
the ionic conductivity of the three gels is higher than that of the
pure DESs for all the temperatures measured, as shown in Figure
1c and Table S1. Moreover, the highest o is observed for the
ACE4PEQ0.2Zn(TFSI)2-50 sample produced with PEO with the
highest MW (5 000 000 g mol™"). The ACE4PEQ0.2Zn(TFSI)2-1 and
ACE4PEQ0.2Zn(TFSI)2-9 samples have very similar conductivity
values that are higher than the original ACE4Zn(TFSI)2. This
phenomenon has been previously reported®” and is attributed to
the combination of the chemical and the rheological effects of the
polymer on the DES. The chemical effects depend on the PEO
concentration but not on its MW, while the rheological effects
depend also on the MW of the polymer. There is an uncoupling of
no and ionic mobility for gels with a low concentration very long
polymer chain (i.e., ionic conductivity remains similar to that of the
liquid media while viscosity is increased dramatically).% If the
changes in the chemical structure of DESs induced by the
presence of PEO render a liquid phase with higher ion mobility,
the combination of chemical and rheological effects can result in
gels with o higher than the liquid electrolyte.

The chemical role of PEO is investigated using density functional
theory (DFT) calculations. Figure 2 illustrates the interaction of
PEO with molecules present in DESs. The oxygen atoms in the
polymer chain can coordinate Zn?* cation and acetamide through
the NH2 group with the interaction strength of 59.1 kJ mol™ and
25.1 kJ mol', respectively. These values are comparable with
other interactions present in DESs, namely those between
acetamide and TFSI- anion or between two acetamide molecules,
which are 29.6 kJ mol and 36.3 kJ mol™, respectively. However,
these interactions are much weaker than the interaction between
Zn?%* cation and TFSI- anion, which is 154.4 kJ mol™'. Nonetheless,
the energetic analysis indicates a high likelihood of the polymer
chain participating in interactions with the DES species and
cluster formation. The coordination of Zn?* by single oxygen of
PEO (Figure 2¢, 59.1 kJ mol™") already indicates strong interaction.
The wrapping of the flexible polymer chain around the cation
increases the interaction to 147.6 kJ mol”" when two oxygen
centers are used (Figure 2d) and to 267.1 kJ mol' when Zn?* is
fully coordinated by four oxygen atoms. Any coordination of Zn2*
cations by O-centers shows a high thermodynamical preference,
which reduces the concentration of available cation (hydrogen
bond acceptor), while the less favored interaction of PEO with the
NH: group of acetamide (Figure 2a, 25.1 kJ mol"') may reduce the
concentration of hydrogen bond donor. Interestingly, the
considered interaction of acetamide by neighboring oxygen atoms
was found to be unstable (Figure 2b, -42.7 kJ mol™); thus, only
docking of acetamide to a single O-center is possible.

The best combination of rheological properties and o is obtained
when UHMW PEO is used. These eutectogel electrolytes present
o significantly higher than that of ACE4Zn(TFSlI)2 while behaving
as a pseudo-solid material. Thus, we selected UHMW PEO for
further studies. The suffix in the sample name (i.e., x in the sample
name ACE4PEOo.2Zn(TFSI)2-x) is omitted for the rest of this
manuscript for simplicity, which implies that MW of 5 000 000 g
mol”' is used (equivalent to having a suffix of 50) unless it is
explicitly stated.

plotted as a function of which is a characteristic of viscous
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Figure 2. Optimized geometries of a-b) acetamide and c-d) Zn?* interacting with
PEO chain.

A balance between ACE and PEO and its effect on rheology
and ion conductivity

The results reported in the previous section suggest that the
presence of PEO can modify the properties of DES substantially
because of its interaction with both Zn?* and ACE. Thus, four new
gel electrolytes with varying molar ratios between ACE and PEO
are prepared. The physicochemical properties of these
formulations and ACE4PEQ0.2Zn(TFSI)2 are shown in Table 2.
Note that ACE4PEOo.5Zn(TFSI)2 and ACE35PEQ0.5Zn(TFSI)2 gels
correspond to an additon of 2.5 wt. % PEO, while
ACE4PEQO1Zn(TFSI)2 and ACE3PEO1Zn(TFSI)2 gels correspond
to an addition of 5 wt. % PEO.

Table 2: Ty, o and rheology of gel electrolytes prepared using
PEO with MW of 5 000 000 g mol! with different ACE:PEO ratios.

PEO T, 0-10% (Scm”)  Rheology (60 °C)
Sample G'=G" Go"
(Wt. %) (OC) 40 °C 60 °C

rad-s™ Pa
ACE4
Zn(TFS)2 - -37.5 0.37 0.99 - -
ACE4PEO0.2
Zn(TFSI): 1.0 -37.0 0.77 2.25 0.60 60
ACE4PEO0s
Zn(TFS)2 2.5 -35.5 0.62 1.88 0.03 700
ACE;35PEQo s
Zn(TFSI) 2.5 -35.5 0.62 2.10 0.03 650
ACE3;PEO1
Zn(TFSI): 5.0 -34.4 0.46 1.62 <0.01 2350
ACE4PEO1
Zn(TFSI): 5.0 -30.5 0.37 1.17 <0.01 3000

Figure 3 shows the effect of the different ACE:PEO ratios on the
gel's speciation and its impact on thermal transitions, rheology,
and ionic conductivity. Remarkably, only ACE4PEO1Zn(TFSI)2 (5
wt. % PEO) shows a significant melting endotherm. In contrast,
no solid phases appear in ACEsPEO+1Zn(TFSI)2, when 5 wt. % of
PEO is added to produce the gel while the ACE content is
decreased, suggesting the interaction between PEO and the
different species in the eutectic formulation and producing phase

4
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segregation. Figure 3b and S4 present a comparison of the FTIR
spectra of ACE4Zn(TFSI)2, ACE3Zn(TFSI)2 and
ACE3PEO1Zn(TFSI)2. As explained previously, the non-eutectic
mixture ACE3Zn(TFSI). presents four characteristic bands of
solid precipitates at 759, 823, 973 and 1385 cm™'. These bands
are absent in the ACEsPEO1Zn(TFSI)2, and its spectra resemble
those of the eutectic mixture ACE4Zn(TFSI)2, except for a small
shoulder at 960 cm™ that is characteristic of PEO. This result
suggests that the strong interaction of PEO with the Zn species in
ACE:Zn(TFSI)2 mixtures can turn a non-eutectic composition with
a Zn(TFSl)2 content above the eutectic region into an eutectogel,
which does not show any signs of phase segregation.

Figure 3c shows the rheology curves of the gels at 60 °C. The
curves of ACE4PEQo.5Zn(TFSI)2 and ACE3sPEQ0.sZn(TFSI)2 gels
(both with 2.5 wt. % PEO) are quite similar. However, a noticeable
difference is observed when comparing ACEsPEO1Zn(TFSI)2 and
ACE4PEO1Zn(TFSI)2 gels (both with 5 wt. % PEO); the
ACE4PEO1Zn(TFSI)2 gel has a higher plateau storage modulus,

a lower tan(d) (determined by tan § = % ) and a lower crossover

frequency than the ACESPEO+1Zn(TFSI)2 gel. As the
ACE4PEO1Zn(TFSI)2 gel has a clear melting endotherm in the
DSC scan (Figure 3a), the plateau storage modulus increases
and the moduli crossover at a lower frequency can be explained
by the presence of crystalline species in ACE4PEO1Zn(TFSlI)2.
These crystals can act as crosslinking points, impeding mobility.
The rheology curves at 80 °C of ACE4PEO+Zn(TFSl) and
ACE3PEQO1Zn(TFSI)2 are presented in Figure S6 in the Supporting
Information to compare these two samples above the melting
point of all the crystalline species. At 80 °C, both gels have similar
rheological behavior; in fact, ACEsPEO1Zn(TFSI)2 presents a
moduli crossover at a lower frequency. The results indicate that
decreasing the ACE content does not deteriorate the gel's
rheological properties, suggesting that the elastic properties of the
gel electrolytes rely strongly on the interactions between units of
PEO and Zn?* and not between ACE and Zn?* or ACE and PEO.
Figure 3d illustrates the ionic conductivity at 30 °C as a function
of the Ty of the gels in Table 2. The ACE4PEQo.2Zn(TFSI)2 gel (1
wt. % PEO) exhibits higher o and Tg4 than those of the liquid DESs
(ACE4Zn(TFSI)2). The ionic conductivity decreases progressively
as the PEO concentration increases, in accordance with their
increasing Tg. Gels with 2.5 wt. % PEO have the same Tg of -35.5
°C and the same o, indicating that these two formulations are very
similar in terms of their microscopic mobility. However, a
significant difference in the Tg and o are seen for the gels with 5
wt. % PEO; ACE3sPEO+Zn(TFSI)2 has lower Tq and consequently
higher o than ACE4PEO1Zn(TFSlI)2.

Figure 3e shows o for temperatures between 10 °C and 70 °C,
and these o values are also represented on Table S1. Again, the
25 wt. % PEO gels (ACE3sPEOosZn(TFSl)2 and
ACE4PEQ05Zn(TFSI).) display nearly identical o for all
considered temperatures, showing a similar temperature
dependence of o and having their o significantly higher than the
original DESs without PEO. Such similarities of o over a wide
range of temperatures are not surprising as the T4 of both these
2.5 wt.% eutectogels is the same. For the 5 wt. % PEO gels, the
dependence of o on temperature is stronger for
ACE3PEQO1Zn(TFSI)2than for ACE4PEO1Zn(TFSI)2, in agreement
with their different Tq. The temperature dependence of o is
stronger than the liquid DESs for both 5 wt. % PEO gels; o of
liquid DESs is the lowest of the three at 70 °C and the highest at
10 °C.
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Figure 3: Physicochemical properties of ACE4Zn(TFSI). DESs and its gel

electrolytes with different ACE:PEO ratios: a) first DSC heating scan; b) FTIR

spectra from 700 to 1500 cm™' of ACEsPEO1Zn(TFSl)2 compared with its original

liquid mixture ACEsZn(TFSl), and the eutectic mixture ACE4Zn(TFSl). c)

rheology curves at 60 °C, where G’ and G” are shown in filled and unfilled circles,

respectively; d) conductivity at 30 °C as a function of Tg; ) ionic conductivity at
temperatures between 10 °C and 70 °C.

Effect of the polymer molecular weight on the
electrochemical properties and dendrite suppression

A set of electrochemical characterization studies is performed to
gain more insights into the viability of the polymer gels as
electrolytes for Zn batteries. As a first step, gels with 1 wt. % PEO
(i.e., ACE4PEOQ0.2Zn(TFSI)2-x samples where x = 1, 9 and 50) are
studied in Zn||Zn symmetrical cells. As detailed in the
experimental section, the cells are assembled without a
separator; only a Teflon ring is employed to prevent the electrodes
from touching another, allowing the dendritic growth between
electrodes. Figure 4 shows the rheology curves of the
ACE4PEQ0.2Zn(TFSl)-x gels (Figure 4a) and their stripping
plating behavior in Zn||Zn symmetrical cells (Figure 4b) at 60 °C.
The stripping-plating studies are conducted at 40 °C throughout
this manuscript except for the ACE4PEQO0.2Zn(TFSI)2-x gels in
Figure 4b as these samples present signs of crystallization around
50 °C (see DSC scan curves in Figure 1a). The rheology of the
samples with low MW, ACE4PEQ02Zn(TFSl)>-1  and
ACE4PEQ0.2Zn(TFSI)2-9, is liquid-like in the frequency range
measured, where G” higher than G’. The sample with UHMW
(ACE4PEO0.2Zn(TFSI)2-50), on the other hand, presents a solid-
like character until 0.6 rad s™.
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Figure 4: a) Rheology curves at 60 °C of ACE4Zn(TFSl). DESs and
ACE4PEQ02Zn(TFSI)2-x gels, G’ (filled circles) and G” (unfilled circles); b)
Stripping-plating behavior of ACE4Zn(TFSI)2 DESs and ACE4PEQo.2Zn(TFSI)2-
x gels at 60 °C in Zn||Zn symmetrical cells; c) Surface of the electrodes
analyzed by SEM after cycling.

The correlation between rheological properties and dendrite
growth is quite apparent. The short-circuit of the cells occurs at a
later stage of the stripping-plating cycles when the electrolytes
exhibit a more solid-like character; the lifetime is the shortest for
the liquid ACEsZn(TFSl)2 (6 cycles), followed by
ACE4PEQ0.2Zn(TFSI)2-1 (13 cycles) and ACE4PEQ0.2Zn(TFSI)2-9
(46 cycles). Finally, the ACE4PEQ0.2Zn(TFSI)2-50 sample with the
loss and storage moduli crossover at 0.6 rad s™' does not show a
sign of a short-circuit within the 100 h of measurement duration.
To better understand the effect of PEO and its MW on the
morphology of the Zn surfaces, the electrodes are studied using
scanning electron microscopy (SEM) after the cycling. The
ACE4Zn(TFSI)2, ACE4PEQ0.2Zn(TFSI)2-1 and
ACE4PEQ0.2Zn(TFSI)2-9 samples are analyzed after forming the
internal short circuit, while the ACE4PEQO0.2Zn(TFSI)2-50 sample
is analyzed after 50 cycles. The SEM images are shown in Figure
4c. The electrode cycled with the ACE4Zn(TFSI)2 sample (liquid)
shows a non-uniform deposition of Zn on the electrode surface
with clear signs of nucleation across the surface. These nuclei
consist of Zn atoms and are not deposits of electrolyte
components as confirmed by the energy dispersive X-ray (EDX)
analysis, where the composition of the surface is studied by
mapping them onto different elements present in the electrolyte
(see Figure S7). The size of nuclei and the nucleation density
decreases when the PEO is introduced, and such an effect

This article is protected by copyright. All rights reserved.

35UBD1 SUOWLLOD BA[IRID 3qedt|dde a3 Ag pausenof afe sapie YO ‘ash Jo sajn. 40} Akelqi auljuo ASjIAA Lo (SUORIPLOD-pUR-SWLIBY W0 AS[IM Ale.q 1 eu1 U0 /Sy SUO PO pue Sulis | 841 39S *[£202/S0/70] Uo ArlqiauljuQ AS(IAA ‘(-3u] eAngeT) eqnopesy A 95200€202 9SS9/200T 0T/I0p/Wwod A3 | 1m Areiq 1 jpuljuoadoine-ALs Iweyd//sdny wouy papeojumoq ‘el ‘xy9598T



ChemSusChem

becomes more pronounced when its MW is increased. The
surface morphology of the electrodes cycled with
ACE4PEQ02Zn(TFSI)2-9 and ACE4PEQ0.2Zn(TFSI)2-50 sample
differs more from the flat, pristine surface as they have undergone
more cycles (46 and 50 cycles, respectively) while showing fewer
signs of nucleation formation. The morphology study aligns with
the stripping-plating behavior shown in Figure 4b, where PEO with
higher MW is more effective in suppressing the dendrite growth.
These results demonstrate that soft polymer gels can mitigate the
growth of metal dendrites while preserving or even increasing the
ion conductivity of the liquid electrolyte. Following these
experiments, a long-term stripping-plating study is performed on
the ACE4PEQ0.2Zn(TFSI)2-50 cell at 40 °C. This gel demonstrates
a high cyclability without short-circuiting in Zn||Zn symmetrical cell
for more than 200 cycles at a current density of 0.22 mA cm™ as
shown in Figure 5a. ACE4PEQ0.2Zn(TFSI)>-50 gel also
demonstrates high reversibility and stability in a cell consisting of
Zn and stainless steel (SS) foils (denoted as a Zn||SS cell). The
shape of the stripping-plating curve shown in Figure 5b is stable
throughout the cycles with an overpotential of 0.26 V. Figure 5¢c
shows the coulombic efficiency of higher than 95 % in the first 50
cycles for the ACE4PEQ0.2Zn(TFSI)2-50 electrolyte in the Zn||SS
cell.
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Figure 5: a) Stripping-plating behavior of ACE4PEQ.2Zn(TFSI).-50 for 200
cycles 40 °C in a symmetric Zn||Zn cell; b) Stripping-plating behavior of
ACE4PEOQO0.2Zn(TFSI)2-50 at 40 °C in a Zn||SS cell; c) Coulombic efficiency of

ACE4PEQ0.2Zn(TFSI)2-50 electrolyte at 40°C in Zn||SS cell.

Effect of PEO in the eutectic equilibrium and its impact on
the electrochemical properties

The stripping-plating tests of the gels with 1 wt. % PEO showed
that the UHMW polymer with MW of 5 000 000 g mol-' exhibits the
best overall performance and longevity. In addition, we verified
that the addition of PEO to the ACE4Zn(TFSI)2 electrolyte does
not have any noticeable impact on the anodic stability as
demonstrated using the linear sweep voltammetry (LSV) shown
in Figure S8. Consequently, the same plating-stripping tests are
repeated at 40 °C for the gel electrolytes prepared with PEO of
the same MW with varying relative concentrations of ACE, PEO
and Zn(TFSIl). (electrolytes reported in Table 2) as shown in
Figure 6. All the considered electrolytes exhibit good performance
in the Zn||Zn cells with the overpotentials around 0.25 V (Figure
6a).

The cyclability of these electrolytes in Zn||SS cells is presented in
Figure 6b. In the Zn||SS cell configuration, ACE4PEQo.5Zn(TFSI)2
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and ACE4PEQO1Zn(TFSI)2 lose the electrochemical activity in the
early stage of the cycling test. The loss of electrochemical activity
(marked with arrows in Figure 6b) is caused by the crystallization
of the DES during cycling. The concentration of Zn ion in the
electrolyte decreases when the Zn is plated on the SS foil, shifting
the electrolyte composition out of the eutectic point. This shift
leads to the precipitation of a crystalline phase. The precipitation
process is faster for  ACE4PEO1Zn(TFSI)2 than for
ACE4PEOQ0.5Zn(TFSI)2, pointing once again to the critical role of
PEO on the eutectic composition. The precipitation is not
observed for the 1 wt. % sample (ACE4PEQo.2Zn(TFSI)2-50).
ACE4PEO1Zn(TFSI)2 displays a melting transition in DSC scans,
while the presence of a crystalline phase is not detected by DSC
for ACE4PEO0.s5Zn(TFSI)2 (Figure 3a). The ACE4PEO1Zn(TFSlI)2
formulation is already away from the eutectic point, most probably
because of the scavenging of Zn?* cations by complexation at the
PEO chain. The Zn plating of the SS foil makes Zn?* concentration
in the liquid electrolyte even lower, shifting the phase equilibrium
towards a higher abundance of solid species.
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Figure 6: Stripping-plating ~ behavior of = ACE4PEQ0sZn(TFSl),
ACE35PEQosZn(TFSl)2, ACE4PEO1Zn(TFSI)2 and ACEsPEO+Zn(TFSl). at 40
°C in a) Zn||Zn symmetrical cells and b) Zn||SS cells in the first 20 cycles. The
arrows indicate the loss of electrochemical activity; c) Stripping-plating behavior
of ACE35PEQ0sZn(TFSI)2 and ACEsPEO1Zn(TFSI)2 at 40 °C in Zn||SS cells for
an extended cycling period; d) Coulombic efficiency of ACE4PEQ0.sZn(TFSl)2,
ACE35PEOQ0sZn(TFSI)2, ACE4PEO1Zn(TFSI)2 and ACEsPEO1Zn(TFSI). at 40

°C in Zn||SS cell.
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On the other hand, ACE3s5PEQ0sZn(TFSl);  and
ACE3PEO1Zn(TFSI)2 exhibit a good cycling performance in the
Zn||SS cells for at least 140 cycles, as shown in Figure 6¢c. The
coulombic efficiencies of these two samples, represented in
Figure 6d, are very high, with more than 90 % for
ACE3PEQO1Zn(TFSI)2 and then 95 % for ACE35PEQOo.sZn(TFSlI)2.
The improved cycling performance of these gels compared with
ACE4PEQ05Zn(TFSI)2 and ACE4PEO1Zn(TFSIl)2 corroborates
well with the explanation that PEO is complexing Zn?* cations and
is competing with ACE in the eutectic mixture. Therefore, we
suggest that the PEO should be considered as the active
component of the DESs to obtain a time-stable polymer
eutectogel, i.e., a eutectic liquid phase gelled by a polymer chain.

Conclusion

Gel electrolytes with pseudo-solid mechanical properties and
ionic conductivity surpassing the liquid electrolyte have been
prepared by a solvent-free scalable procedure. The effect of
adding small amounts of PEO on physicochemical and
electrochemical properties has been studied. Gels with just 1
wt. % of PEO were shown to perform well for 200 cycles without
the use of a separator. The effect of MW of PEO on dendrite
growth mitigation has been demonstrated where the UHMW PEO
outperforms the samples with lower MW. In addition, the effect of
PEO on the DES structure has been studied. Ethylene oxide units
of PEO act as an active component of the eutectic composition,
producing the crystallization of the mixture when the PEO
concentration is increased. Our results suggest that it is crucial to
consider the ethylene oxide units as an active component of the
eutectic composition when preparing the DESs gels to produce
stable gels without crystallization.

Experimental Section

Materials

Acetamide (99%, Sigma Aldrich) and Zinc
bis(trifluoromethanesulfonyl)imide (Zn(TFSl)2, 99.5%, Solvionic)
used to synthesize DES were opened and stored inside an argon
filled glovebox. PEO of molecular weight 10%, 9-10° and 5-10° g
mol" from Sigma Aldrich used to gel the electrolytes were
employed as received. Zn foil (99.9%, Goodfellow) was used for
electrochemical tests.

Preparation methods

The zinc-based DESs were synthesized by mixing two solid
components, ACE and Zn(TFSl)2, with different molar ratios: 4:1
(ACE4Zn(TFSlI)2), 3.5:1 (ACE35Zn(TFSl)2) and 3:1
(ACE3Zn(TFSl)2). They were synthesized at 80 °C with a Teflon
stirrer in a heating-stirring plate. The stirring lasted 2 hours until
the mixture became a homogenous transparent liquid. The liquid
is then slowly cooled down to room temperature (RT).

The gels have been prepared by mixing PEO in the DES, first at
RT until a good powder dispersion is obtained, followed by
reheating them up to 70 °C while continuously stirring to melt and
dissolve the PEO. The stirring continued for another 10 min at 70
°C.B8:37 This procedure avoids the use of auxiliary solvents. The
electrolytes have been characterized after a week to allow for a
complete dissolution of the polymer. The preparation and the
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storage of the DES and gels has been carried out in an argon-
filled glove box with less than 1 ppm of H20 and O-.

Characterization

The water content in the polymers is studied as follows: first, the
different MW PEO powders are introduced in the glovebox by
doing three vacuum-argon cycles in the antechamber. Then 1
wt. % of PEO is dissolved in anhydrous acetonitrile. The resultant
polymer solutions are analyzed using a Metrohm 899 Coulometer.
DSC measurements were performed using Netzsch DSC 200 F3.
Samples were placed in hermetically closed aluminum pans
inside the glovebox and subjected to cooling-heating cycles at 10
°C/min, starting with cooling down to -100 °C from RT and heating
from -100 °C to 150 °C. The samples were then cooled down
again to -100 °C, followed by a second heating scan.

Fourier transform infrared (FTIR) spectroscopy measurements
were performed using a Perkin-Elmer Spectrum-Two. The
spectra are the average of 4 spectra recorded with a resolution of
4 cm™,

The rheology of the gel electrolytes is characterized by an AR-G2
rheometer using a parallel plate configuration with an upper
stainless steel sandblasted plane plate of 20 mm diameter. The
gel samples were placed between the Peltier and the upper plate,
which were placed 1 mm apart from each other. The experiment
consisted of 1 h of temperature stabilization of the sample at the
experiment temperature, followed by an oscillatory frequency
measurement from 0.01 rad s to 100 rad s™' applying a strain of
1 %, which is within the linear viscoelastic region for these gels.
The plateau modulus (GoV) is set as the storage (G’) modulus
value at the minimum of tan (&), where tan (8) is tan () = G”/G’.
The complex viscosity (n*) is obtained according to

1
2

= [ )T Y

where G’ is the storage modulus, G” is the loss modulus and w is
the angular frequency.

Complex viscosity can be compared with the linear viscosity (n)
following the Cox-Merz rule, n* (w) = n (y), where y is the strain
rate. The Newtonian viscosity of the samples is obtained by fitting
n with the Carreau-Yasuda equation (represented as equation
S1). The equation and fitting curves are represented in Figure S5
in the Supplementary Information.

Impedance spectroscopy measurements were performed with a
Biologic VMP3 potentiostat using frequencies ranging from 200
kHz to 100 mHz. The PTFE (polytetrafluoroethylene) ring spacer
with internal and external diameters of 15 mm and 20 mm,
respectively, was used. The samples were placed inside the ring
spacer and sandwiched between two stainless steel (SS) discs
inside a coin cell. The coin cells were placed in the temperature-
controlled chamber, where the temperature was incremented
from 10 °C to 70 °C with a 10 °C step. Each of the measurements
was performed 2 h after reaching the set temperature in the
chamber to allow for temperature stabilization of the samples.
lonic conductivity as a function of frequency o(w) has been
obtained from the impedance values employing the dielectric
theory, setting o as the value at the frequency where tan(d) is at
its maximum. The dielectric equations employed is shown in the
Supporting Information as equation S2.

All electrochemical tests were performed using a Biologic VMP3
potentiostat. For the striping-plating measurements the samples
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were assembled in coin cells and the electrolyte was sandwiched
between the two electrodes using a PTFE ring of 20 mm diameter
with a 1 mm thickness with a 15 mm diameter hole as a
mechanical spacer between them. Zinc foils were used as
electrodes for the Zn||Zn galvanostatic stripping-plating
measurements. A stainless-steel working electrode and a Zn
counter electrode have been employed to study electrolyte
reversibility. All electrochemical cycling tests were carried out with
a current density of 0.22 mA cm™. The LSV measurements have
been performed in an EL-cell with an 18 mm diameter glassy
carbon working electrode and a zinc counter electrode at a scan
rate of 1 mV s™'. The upper and lower voltage limit was set to *1
V. For measuring ACE4Zn(TFSl)2, a 100-micron glass fiber
separator has been employed to avoid contact between
electrodes. No separator has been used for the gel electrolytes.

SEM and EDX micrographs of the Zn electrode surfaces have
been performed in a ZEISS EVO Scanning Electron Microscope
with X-ray analysis. As these gel electrolytes are very sticky, a
conditioning of the electrodes has been done by immersing and
sonicating in the electrodes in an ethanol bath, until the gel is
dissolved. Then they are cleaned in water and again in ethanol to
ensure the total elimination of the polymer.

Density functional theory simulations

The Gaussian 16 package was used to perform density functional
theory (DFT) simulations to understand the interactions in the
electrolytes. The M06-2X DFT functional®® and 6-311++G(d,p)
basis set*? were employed for the optimization of the structures.
The conductor-like polarizable continuum model (C-PCM)#*4 was
used to simulate the influence of a surrounding liquid, with the
dielectric constant set to 15, which corresponds to that of DES.[*]
To mimic the polymer chain, we considered dimers of PEO. The
interaction energies were calculated by subtracting the energy of
the generated complex from the energy of the separated
molecules.
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Acetamide4:Zn(TFSI)2 polymer gel electrolytes have been prepared using a solvent-free procedure by adding up to 5 wt. % of
polyethylene oxide (PEO). The resultant gels with pseudo-solid properties demonstrate to inhibit dendritic growth. Moreover, the ratio
between Acetamide PEO in the gels is studied and balanced to obtain gels in the eutectic composition.
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