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Abstract

A series of zwitterionic (ZI) copolymers, including both binary, fully-ZI and ternary,
partially-ZI copolymer variations, have been successfully employed as scaffolds to support
mechanically robust ionic liquid-based gel (ionogel) -electrolytes containing sodium
bis(trifluoromethylsulfonyl)imide salt. All of the synthesized ionogels, which were optically
transparent and freestanding without any covalent cross-links, contained 15 mol% copolymer and
displayed room temperature ionic conductivities above 1 mS c¢cm-!' while also exhibiting high
compressive elastic modulus values (0.7-11 MPa). The activation energy of ionic conductivity of
an ionogel with a fully-ZI copolymer scaffold (18 kJ mol!) was found to be noticeably lower than
that of the ionic liquid electrolyte solution itself (23 kJ mol!), highlighting the positive role that
Z1 moieties may play in aiding ion transport. NMR chemical shift analysis revealed favorable

interactions between sodium cations and both types of ZI motifs employed here (sulfobetaine and



phosphorylcholine). In addition, the sodium ion transference number value of a ternary copolymer-
supported ionogel electrolyte was determined to be larger compared to that of the ionic liquid

solution (0.19 vs. 0.10, respectively).

Introduction

The development of new energy technologies has been propelled by fast-growing global
energy consumption, as well as environmental issues that come with the burning of fossil fuels,
such as air pollution and greenhouse gas emissions.! In order to fully leverage clean and renewable
energy sources like solar or wind energy as substitutes, advanced energy storage devices are
required. Safe, high energy density batteries are also desirable for wearable electronics and electric
vehicles.>* Today, lithium-ion batteries (LIBs) dominate in the energy storage arena because of
the small ionic radius of the lithium cation (0.76 A), which promotes its rapid diffusion, and the
light weight and high standard reduction potential of lithium (-3.04 V vs. SHE), which endow LIBs
with large cell operating voltages and high energy densities.>® Increasing demand for LIBs,
however, may lead to the shortage of lithium minerals in the near future, considering their limited
sources and non-uniform distribution within the Earth’s crust.”-® Sodium, in contrast, is the sixth
most mass-abundant element on Earth, and yet, it possesses very similar characteristics as lithium,
including a small ionic radius (1.02 A) and a high standard reduction potential (-2.71 V vs. SHE),
which provides a compelling rationale to develop sodium-ion batteries (SIBs) as a possible
alternative to LIBs.”!3 Typical SIB electrolytes under investigation comprise a sodium salt
dissolved in an organic solvent such as carbonates and/or ethers, similar to what is used in many

LIBs.’ However, safety concerns can arise from the flammability of such organic solvents and the



potential hazards of electrolyte leakage. One of the most promising methods to mitigate such safety
risks would be to adopt a nonflammable liquid electrolyte or a solid-state electrolyte for SIBs. 413

Ionic liquids (ILs), which are molten salts at or near room temperature, represent an
appealing class of safer electrolyte materials for battery applications owing to their numerous
unique properties such as nonflammability, negligible vapor pressure, wide liquid temperature
range, and outstanding electrochemical and thermal stabilities.!”! Wongittharom et al.
investigated SIB performance using BMP TFSI electrolytes containing various NaTFSI
concentrations (BMP: 1-butyl-1-methylpyrrolidinium, TFSI: bis(trifluoromethylsulfonyl)imide),
demonstrating the nonflammability of the IL-based electrolytes and an increased cyclability of SIB
prototypes that employed the IL electrolyte in comparison to those containing an organic solvent
electrolyte.?? Ionogels, which are free-standing composites of ILs supported by a solid scaffold
(such as a cross-linked polymer network), offer great promise for solid-state battery applications
because of their mechanical flexibility, high room temperature ionic conductivity (~1-10 mS cm-
1 and leakproof character.?>?® There have been many studies of various ionogel electrolytes for
potential LIB applications to date, while only a few ionogel materials have been reported as
candidate electrolytes specifically for SIBs.”!3231 Noor and coworkers reported ionogel
electrolytes based on a NaTFSI/BMP TFSI solution supported by either fumed silica or cross-
linked poly(methyl methacrylate) (PMMA) as two different scaffold types for SIB applications.?’
It was observed that the room temperature ionic conductivities of the PMMA -supported ionogels
(< 1 mS cm™) were decreased by at least 50% compared to that of the IL solution.?’ Recent
collaborative reports from the Mecerreyes and Forsyth groups demonstrated ionogels for SIBs
using cross-linked poly(ethylene glycol) diacrylate (PEGDA) scaffolds, which displayed improved

ionic conductivities that were closer to those of their neat IL solutions.3%3!



Zwitterionic (ZI) polymers have emerged as a unique class of ionogel scaffold materials
that can alleviate the typical gel trade-off between increased mechanical stiffness and decreased
ionic conductivity. In a first study, Lind et al. found that ZI copolymer-supported ionogels
displayed nearly constant room temperature ionic conductivity (~6.5 mS cm') while the elastic
modulus could be increased nearly 200-fold by introducing additional noncovalent dipole-dipole
cross-links between ZI functional groups within the polymer chains, for a fixed small amount of
covalent cross-linker.*? More recently, this group has demonstrated fiu/ly-ZI copolymer-supported
ionogels (containing no covalent cross-links) featuring a neat IL,>*3* a solvate IL,>> and a
LiTFSI/IL solution.?® Remarkably, an ionogel of 1M LiTFSI in BMP TFSI supported by a 12.5
wt.% fully-ZI copolymer scaffold exhibited both a high room temperature ionic conductivity (> 1
mS cm™') and elastic modulus (up to 14 MPa), and also showed good promise as a solid-state
electrolyte for LIBs.?

In this report, ZI copolymer scaffolds have been employed for the first time to create
ionogel electrolytes specifically designed for SIBs, using a 0.5M NaTFSI in BMP TFSI solution.
Two different ZI monomers, sulfobetaine vinylimidazole (SBVI) and 2-methacryloyloxyethyl
phosphorylcholine (MPC), were first combined in various molar ratios at the same total polymer
content (15 mol%) in order to create ionogel electrolytes via in situ UV-initiated free radical
copolymerization. The fully-ZI scaffold ionogels displayed excellent room temperature ionic
conductivity (> 1 mS ¢cm™") and high elastic modulus (~10 MPa) across all formulations, which
indicated the successful formation of noncovalent cross-links by both ZI moieties. Then, the ZI
copolymer scaffold was “diluted” by copolymerization of both ZI monomers together with a third,
non-ZI monomer: 2,2,2-trifluoroethyl methacrylate (TFEMA), in order to explore the effect of the

non-ZI component on gel formation and resulting gel properties. Remarkably, robust and stiff



ionogels could still be obtained after greatly reducing the ZI fraction in the copolymer scaffold.
For example, a freestanding ionogel with a compressive elastic modulus of 670 kPa was obtained
by using a SBVI/MPC/TFEMA molar ratio of 1/1/3 at a total polymer content of 15 mol% (i.e.
only 6 mol% ZI content in the gel). Temperature dependent ionic conductivity and nuclear
magnetic resonance (NMR) spectroscopy measurements revealed favorable interactions between
Na* cations and the ZI scaffold; however, distinct differences are seen compared to what was
previously observed between such scaffolds and Li* cations. Lastly, a ZI copolymer scaffold
exhibited an enhanced Na* transference number compared to the IL solution, which is desirable

for future SIB applications.

Experimental Section

All materials were received and stored in a nitrogen-filled glove box (H20, O2 < 0.1 ppm)
until the time of use unless stated otherwise, and were used as received without further purification.
The monomer 2-methacryloyloxyethyl phosphorylcholine (MPC, 97% purity), the photoinitiator,
2-hydroxy-2-methylpropiophenone (HOMPP), 2,2 2-trifluoroethyl methacrylate (TFEMA) and
sodium metal (> 99.8%) were purchased from Sigma Aldrich. The ionic liquid, 1-butyl-1-
methylpyrrolidinium  bis(trifluoromethylsulfonyl)imide (BMP TFSI), was purchased from
MilliporeSigma (High Purity grade). Sodium bis(trifluoromethylsulfonyl)imide (NaTFSI) was
purchased from Solvionic (99.5% purity). The monomer sulfobetaine vinylimidazole (SBVI) was
prepared according to a previously reported method.?? The neat liquid electrolyte was prepared by
dissolving sufficient NaTFSI in BMP TFSI to create a 0.5M solution and stirred at 70 °C overnight

inside the nitrogen-filled glove box until a homogenous, colorless liquid solution was obtained.



Ionogel precursor solutions were prepared by adding a desired quantity of monomers into
the liquid electrolyte and stirring at 50 °C for up to 3 hours, until they were completely dissolved.
Subsequently, 2 wt.% (total monomer basis) of HOMPP was added into the precursor solution and
complete copolymerization was achieved via UV irradiation at 365 nm (Spectronic Corp., 8 W)
for 5 min after the precursor was poured into a mold.

AC impedance spectroscopy was performed using a VersaSTAT 3 potentiostat with a built-
in frequency response analyzer (Princeton Applied Research). Ionogel gel precursor solutions were
poured into a custom-built Teflon cell array with gold-coated electrode pins, polymerized in situ,
and rested for 24 hours inside the nitrogen-filled glove box. Room temperature (22 °C) AC
impedance spectroscopy measurements were conducted inside the nitrogen-filled glove box over
the frequency range of 1 Hz to 100 kHz using a sinusoidal voltage amplitude of 10 mV (0 V DC
offset). The cell constant used to convert the impedance value at high frequency (~100 kHz) to an
ionic conductivity was determined by calibration using three different neat ionic liquid electrolytes
with known conductivity values. At least three replicate ionogel samples were prepared for each
formulation, and average values were calculated to determine the ionic conductivity.
Temperature-dependent ionic conductivity measurements were performed using a Linkam
Scientific Instruments LTS 420 temperature-controlled, nitrogen-filled microscopy stage.
Impedance spectra were recorded between 10 °C and 80 °C with a 20 min hold for thermal
equilibration at each point.

Ionogel mechanical characterization was performed by compression testing in free-
extension mode using an ARES-LS2 rheometer (TA Instruments) in ambient laboratory conditions,
from 0% to a minimum of 12% strain with a platen travel rate of 0.01 mm s°!. Elastic modulus

values were obtained as the slope of the linear stress-strain curve region at low strain values



(Supporting Information, Figure S1). Cylindrical-shaped ionogels were created for mechanical
characterization (diameter = 6.4 mm, thickness = 3.2 mm).

23Na and '°F NMR spectroscopy measurements were performed using a Bruker AVANCE
11 500 MHz spectrometer. A total of 16 scans were recorded at room temperature with a relaxation
delay of 10 ms. A reference solution (0.1M NaTFSI in D20) was injected into a glass capillary
tube (inner diameter 1.5 mm) and subsequently placed inside of a 5 mm inner diameter standard
NMR tube filled with the electrolyte solution of interest.

Sodium transference numbers were determined using the method of Evans et al.’’
Nalelectrolyte|Na symmetrical cells were assembled using a custom Swagelok-type test apparatus
inside the nitrogen-filled glove box. DC polarization/chronoamperometry was performed using an
applied potential of 40 mV. Additional details can be found in the Supporting Information.

Linear sweep voltammetry (LSV) was performed using a type 304 stainless steel working
electrodelelectrolyte|Na configuration using CR2032 coin cells (MTI Corp.) assembled inside an
argon-filled glove box. Both the NaTFSI/BMP TFSI liquid and ionogel precursor solution were
loaded into Celgard separator films (25 um thick, MTI Corp.) via vacuum infiltration overnight,
followed by UV irradiation of the latter as described above. LSV was performed using a
VersaSTAT 3 potentiostat (Princeton Applied Research) at a sweep rate of 1 mV s™! in the anodic

direction.

Results and Discussion
A series of ionogel electrolyte samples was synthesized by in situ UV-initiated free radical
copolymerization of the ZI co-monomers SBVI and MPC, together with the non-ZI monomer

TFEMA in some cases, inside a previously-studied ionic liquid-based electrolyte for SIBs: a 0.5M



solution of NaTFSI in BMP TFSI (Na/IL) solution.?? Figure 1a displays the molecular structure of
the linear copolymer scaffold, comprised of SBVI, MPC, and TFEMA monomer units. Two
photographs of representative 15 mol.% copolymer-supported ionogel samples are shown in
Figure 1b, which demonstrate that freestanding and transparent gels were succesfully obtained. It
should be noted that all of the ionogel formulations in this study shared the same total copolymer
content of 15 mol.%, within which the relative molar ratios of SBVI/MPC/TFEMA were varied.
The creation of freestanding gels without introducing any covalent cross-links demonstrates the
facile formation of dipole-dipole ZI functional group cross-links between copolymer chains in the

Na/IL solution, similar to what was previously reported in a Li/IL system.3¢
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Figure 1. (a) Molecular structure of the copolymer scaffolds used in this work, comprising various
molar ratios of sulfobetaine vinylimidazole (SBVI), 2-methacryloyloxyethyl phosphorylcholine
(MPC), and 2,2,2-trifluoroethyl methacrylate (TFEMA) monomer subunits. (b) Photographs of
representative 15 mol.% copolymer-supported, 0.5M NaTFSI/BMP TFSI ionogel samples; both
gels contain a SBVI/MPC/TFEMA molar ratio of 1/1/3. Left image: freestanding cylindrical gel
(6.4 mm diameter, 3.2 mm height) on a glass slide; right image: circular disc-shaped gel (~1 mm

thick) held with tweezers in front of a pen-and-paper drawing to show its optical transparency.



AC impedance spectroscopy and compressive stress-strain testing were performed in order
to assess the ionic conductivity and compressive elastic modulus, respectively, of each gel sample.
Figure 2a displays both the elastic modulus and ionic conductivity values for four fully-ZI
copolymer-supported ionogel electrolyte formulations possessing different molar ratios between
the SBVI and MPC subunits (1/3, 1/2, 1/1, and 2/1). The room temperature ionic conductivities of
these ionogels were found to be fairly consistent at approximately 1.4-1.6 mS cm!. Notably, all
four of these gel electrolytes exhibited higher ionic conductivities than that of the neat Na/IL liquid
electrolyte (1.2 £ 0.1 mS cm!), similar to what was previously observed for Li/IL gel analogues,3°
which is consistent with our hypothesis that ZI polymer functional groups can promote additional
dissociation of ion pairs/clusters within IL systems.!® It was also seen that the compressive elastic
moduli of the Na/IL gel samples (approximately 7-11 MPa, Fig. 2a) were comparable to those of
fully-ZI copolymer-supported Li/IL gel electrolytes (e.g. 14 MPa for a 1/3 SBVI/MPC molar ratio
in 1M LiTFSI/BMP TFSI at 17 mol% copolymer),® which provided evidence that robust physical
cross-links between ZI functional groups on the polymer chains could also be achieved in the
Na/IL solution environment. Importantly, variation of the SBVI/MPC molar ratio did not result in
substantial changes in the elastic modulus of Na/IL ionogels. This stands in stark contrast to what
was observed for Li/IL ionogels, for which gel stiffnesses showed a clear and monotonic increase
as the molar fraction of SBVI in the fully-ZI scaffold was increased.’® Therefore, an important
difference between the Na/IL system studied here and the Li/IL system appears to be the ability of
both SBVI and MPC subunits to contribute somewhat equally to the formation of noncovalent
cross-links in Na/IL ionogels, while SBVI is the predominant cross-linker in Li/IL gels.

Given the high stiffness of the fully-ZI scaffold gel formulations, it stood to reason that

these linear copolymers could likely be “diluted” by including a third, non-ZI subunit that would



effectively space out the ZI groups, yet still enable robust, free-standing gel electrolytes. Clearly,
every single ZI group of a fully-ZI scaffold cannot participate simultaneously in forming
noncovalent cross-links to build the gel scaffold network. Therefore, a question was posed: what
happens to ionogel stiffness and ionic conductivity as the fraction of copolymer that is non-ZI is
increased? In order to begin to answer this, ternary copolymer scaffolds were synthesized by in
situ copolymerization of SBVI, MPC, and a non-ZI component, TFEMA, within the Na/IL
electrolyte. The SBVI/MPC molar ratio was fixed at 1/1 while the molar fraction of TFEMA in the
scaffold was varied, since the 1/1 fully-ZI gel displayed the highest stiffness (11 MPa, Fig. 2a).
The properties of these three additional ionogel formulations, having SBVI/MPC/TFEMA
molar ratios of 1/1/1, 1/1/2, and 1/1/3, are shown in Figure 2b. It should be noted that all three of
the gel samples also featured a total copolymer content of 15 mol% and were transparent and
freestanding. Freestanding gels could not be obtained, however, when the TFEMA fraction was
increased beyond 60 mol% (i.e. SBVI/MPC/TFEMA = 1/1/3) within the copolymer. Room
temperature ionic conductivites of the three ionogels containing TFEMA subunits (1.4-1.6 mS cm’
1) remained higher than the Na/IL solution and comparable to those of the gels with fully-ZI
scaffolds. This indicated that the ZI content within the copolymer scaffold could be reduced to at
least 40 mol% while retaining the benefits of additional ion pair/cluster dissociation for this
electrolyte. As expected, the compressive elastic modulus was observed to decrease as the TFEMA
content increased (Fig. 2b), dropping from 5.3 MPa for the 1/1/1 scaffold (33 mol% TFEMA)
down to 0.7 MPa for the 1/1/3 scaffold (60 mol% TFEMA). The monotonic decrease of gel elastic
modulus as the fraction of the non-ZI subunit was increased can be understood by a decrease in
the noncovalent ZI cross-link density, which softened the gel electrolytes. The lowest elastic

modulus reported here (0.7 MPa), for the ionogel with the highest TFEMA content (1/1/3 scaffold),
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is still significantly higher than that displayed by a comparable Li/IL ionogel at its gelation point

(i.e. minimum scaffold required to obtain a freestanding gel), ~0.01 MPa.3®
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Figure 2. (a) Compressive elastic modulus values (open squares, left axis) and room temperature
ionic conductivity values (filled circles, right axis) of ionogel electrolytes with fully-ZI scaffolds
plotted versus SBVI mol% within the copolymer scaffold. (b) Compressive elastic modulus and
room temperature ionic conductivity values of ionogel electrolytes with “diluted” ternary
copolymer scaffolds containing TFEMA subunits. All ionogel samples have a total copolymer

content of 15 mol% (85 mol% Na/IL solution).

Figure 3 depicts the temperature dependence of ionic conductivity measured from 10 °C to
80 °C for three representative samples: the Na/IL solution, a fully-ZI copolymer-supported ionogel
electrolyte (SBVI/MPC molar ratio of 1/1), and a ternary copolymer-supported ionogel electrolyte
(SBVI/MPC/TFEMA molar ratio of 1/1/3). The gel samples remained freestanding and did not
shown any liquid leakage throughout the entire temperature range. The activation energy of ionic
conductivity (Ea) values were calculated via a simple Arrhenius model fit. It could be observed

that the activation energy values were approximately 23 + 1 kJ mol! for both the Na/IL solution
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and the ternary copolymer gel electrolyte, while a lower Ea value of 18 + 1 kJ mol'! was determined
for the gel with the fully-ZI copolymer scaffold. Polymer-supported ionogel electrolytes typically
exhibit larger Ea values compared to that of their base liquid electrolyte, due both to a reduction
in ionic charge carrier density (the polymer is nonconductive) and hindered ion mobility through
the scaffold network.*® However, the fully-ZI copolymer scaffold promotes enhances ion transport
through Li*---ZI functional group interactions that results in a lower Ea value for the ionogel; the
same phenomenon was also observed previously in the Li/IL system.*® The similar Ea values
displayed by both the neat Na/IL solution and the ternary copolymer-supported gel electrolyte can
also be explained by an ionic conductivity enhancement effect due to the ZI functional groups.
The expected increase in gel Ea due to the presence of non-ZI TFEMA (60 mol% of this scaffold)
was effectively compensated for by the enhancement of the ZI groups (40 mol% of this scaffold),
such that the ternary copolymer scaffold gel electrolyte exhibited a very similar Ea value to that

of the neat Na/IL solution.
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Figure 3. Temperature dependence of ionic conductivity measured between 10 °C and 80 °C for
the 0.5M NaTFSI-BMP TFSI liquid electrolyte (Na/IL), an ionogel electrolyte with a fully-ZI
scaffold (SBVI/MPC molar ratio of 1/1, total polymer content of 15 mol%), and an ionogel
electrolyte with a ternary copolymer scaffold (SBVI/MPC/TFEMA molar ratio of 1/1/3, total

polymer content of 15 mol%).
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Further insights into interactions between the various copolymer subunits and the ions of
the Na/IL solution were obtained by analyzing the chemical shifts of the 2*Na and °F nuclei via
NMR spectroscopy, focusing attention on the signals attributed to the Na" and TFSI ions,
respectively. All of the chemical shifts were measured in monomer solutions, rather than in ionogel
samples, in order to observe the effects of each monomer individually. Solutions (5 mol%
monomer) were prepared in the Na/IL liquid electrolyte, and *Na and 'F NMR spectra were
recorded, as shown in Figure 4. Figure 4a compares the 2*Na spectra for solutions containing 5
mol% of each monomer (MPC, SBVI, or TFEMA) to the Na/IL solution (0.5M NaTFSI/BMP
TFSI). It can be seen that the 5 mol% TFEMA solution shares essentially the same 2*Na peak
position as the Na/IL solution, which indicates that TFEMA does not strongly interact with the
Na* cations. However, for both of the 5 mol% ZI monomer solutions, SBVI and MPC, a similar
downfield shift in the >*Na peak position was observed in comparision to the Na/IL peak position,
moving from approximately -11.5 ppm to -10.9 ppm. This provides clear evidence of attractive
interactions that exist between both ZI types and Na* cations, which changes their local electronic
environment (i.e. ZI groups can displace TFSI- in the first coordination shell with Na®). A similar
phenomenon was reported in the Li/IL system, although the magnitude of the chemical shift
change was much larger for MPC with Li* compared to that of SBVI.3¢ Therefore, an important
finding of this study is that both SBVI and MPC appear to interact comparably with Na* in the
Na/IL environment, which stands in contrast to the different behaviors of SBVI and MPC in the
Li/IL solution. This result is also consistent with the nearly unchanged ionogel elastic modulus
values that were observed as the SBVI/MPC molar ratio was varied within a fully-ZI copolymer

scaffold (Fig. 2a).
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The sharper and well-defined °F spectra (all normalized to the same height) shown in
Figure 4b, measured using the same solutions, allow one to understand the different monomer-ion
interactions from another perspective. The '°F spectrum of the IL alone (BMP TFSI) was also
measured, so that the local TFSI™ environments in the neat IL versus the Na/IL solution could be
compared. The spectrum of neat BMP TFSI displayed a peak at -80.07 ppm, which represents the
local environment of TFSI- coordinated with the IL cation, BMP™". The addition of 0.5M NaTFSI
to the IL causes an upfield peak shift, from -80.07 ppm to -80.32 ppm, which indicates the presence
of Na*---TFSI" interactions in the Na/IL solution. When 5 mol% of SBVI or MPC monomers are
included, they induce downfield peak shifts to -80.24 and -80.2 ppm, respectively. These shifts
reflect the favorable ZI---Na" interactions observed in the 2*Na spectra, which effectively draw Na*
cations away from TFSI', allowing more of the anions to return to their original pairings with
BMP". In contrast, the 5 mol% TFEMA solution showed very little shift in the '°F peak position

compared to the Na/IL solution, reinforcing the notion that TFEMA is essentially a non-interacting

monomer with respect to either the Na* or TFSI ions in comparison to the zwitterions.
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Figure 4. (a) 2*Na NMR spectra of solutions containing 5 mol% monomer (either MPC, SBVI, or
TFEMA) in 0.5M NaTFSI/BMP TFSI, as well as that of the liquid electrolyte itself. (b)
Normalized '°F NMR spectra of the same solutions shown in panel (a), in addition to that of the

neat ionic liquid (BMP TFSI).
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Finally, the Na* transference number (¢, 4+, the fraction of total steady-state current carried
by Na* cations) and anodic stability of a ZI copolymer-supported ionogel were examined and
compared with those of the Na/IL solution. The ionogel with a ternary copolymer scaffold
(SBVI/MPC/TFEMA molar ratio of 1/1/3, total copolymer content of 15 mol%) was selected, as
this formulation both effectively reduces the amount of ZI monomers required (which are more
expensive than TFEMA) and it displayed better chemical stability against the sodium metal
electrodes compared to an ionogel having a fully-ZI copolymer scaffold (data not shown).
Chronoamperometry tests were conducted using symmetrical Nalelectrolyte|Na cells with an
applied potential of 40 mV in order to determine ty,+ values; the normalized current responses
for the two electrolytes are shown in Figure 5a. The ternary copolymer-supported (ZI+TFEMA
gel) electrolyte exhibited a larger ty,+ value (0.19) than that of the Na/IL liquid (0.10); see the
Supporting Information for details regarding ty,+ calculation. This finding suggests that the
presence of ZI functional groups within the copolymer scaffold can, in fact, improve Na* cation
transport, as was also observed in the Li/IL system.’® Figure 5b shows the linear sweep
voltammetry data measured for these two electrolytes (liquid solution and ionogel), measured
using a stainless steel working electrode with a scan rate of 1 mV s°!. Both the Na/IL solution and
the ZI+TFEMA gel demonstrate excellent anodic stability up to at least ~5.5 V vs. Na/Na*.
Collectively, these results demonstrate the strong potential of ZI copolymer-supported ionogel

electrolytes for future SIB applications.
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Figure 5. (a) Chronoamperometry responses of the 0.5M NaTFSI-BMP TFSI liquid electrolyte
and of an ionogel electrolyte with a ternary copolymer scaffold (SBVI/MPC/TFEMA molar ratio
of 1/1/3, total polymer content of 15 mol%) to an applied potential of 40 mV, measured in
symmetric Nalelectrolyte[Na cells. (b) Linear sweep voltammograms (1 mV s™) of the 0.5M
NaTFSI-BMP TFSI liquid electrolyte and of an ionogel electrolyte with a ternary copolymer
scaffold (SBVI/MPC/TFEMA molar ratio of 1/1/3, total polymer content of 15 mol%), measured

in stainless steel (working electrode)|electrolyte[Na cells.

Conclusions
In summary, ZI copolymers were successfully employed to create a series of novel Na*
cation-conducting ionogel electrolytes. Both of the ZI monomer moieties (sulfobetaine of SBVI

and phosphorylcholine of MPC) readily formed noncovalent cross-links within the nonaqueous
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NaTFSI/BMP TFSI electrolyte environment, leading to stiff ionogels (elastic modulus values ~10
MPa) with a total copolymer content of only 15 mol%. Both zwitterions displayed similarly
attractive interactions with Na® cations, as revealed by NMR chemical shift analysis.
Copolymerization of a 1/1 molar ratio mixture of SBVI/MPC together with a third, non-ZI
monomer (TFEMA) also enabled the formation of freestanding ionogels. These “diluted” ZI linear
copolymers represent a new approach to ionogel formation, which allows for further tunability of
gel properties and conservation of the more expensive ZI monomers. Compared to a fully-ZI
copolymer-supported gel electrolyte (SBVI/MPC molar ratio of 1/1), a ternary copolymer-
supported ZI+TFEMA gel electrolyte (SBVI/MPC/TFEMA molar ratio of 1/1/3) displayed a
higher activation energy of ionic conductivity, but its activation energy was still not higher than
that of the Na/IL electrolyte itself. The ZI+TFEMA scaffold also provided an enhancement of the
sodium ion transference number compared to that of the neat Na/IL solution. This study has
revealed key differences regarding how these two particular ZI functional groups interact with the
alkali metal cations within Na/IL versus Li/IL electrolytes, and it has introduced the design of a
new class of ZI copolymer scaffolds for future ionic liquid-based gel polymer electrolytes in

general.
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