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Free-standing electrolytes based on Li(G4)TFSI and chemically-
crosslinked poly(ethylene glycol), as well as functional co-
monomers and/or small amounts of volatile diluent, are
demonstrated to reach very high room-temperature ionic
conductivities (>2x103 S/cm) and electrochemically-measured
lithium transference numbers (>0.5). An unexpected dependence
of properties on polymer length/crosslinking is observed and
explained in terms of competing Li* transport processes. These
electrolytes enable lithium symmetric cells to cycle >600h at low
overpotential and without dendrite growth. Future optimization
routes are also discussed.

Introduction

High-capacity energy storage has become increasingly vital in
the wireless, networked world of the 215t century. This need has
sparked renewed interest in so-called “beyond-lithium-ion”
battery designs which often include metallic lithium anodes.
However, despite extensive prior research, a safe and practical
lithium secondary battery has yet to be realized due to lithium’s
tendency towards dendritic electroplating morphologies.
Dendrites reduce battery capacity and increase internal
resistance over time due to electrolyte consumption and
formation of “dead” lithium,> and can even puncture cell
separators causing fire and explosion. Recent efforts have
yielded numerous materials for lithium dendrite mitigation,
broadly classifiable as “host” or “electrolyte” strategies.

Host strategies, which confine lithium to a diverse number
of solid structures, can produce excellent electrochemical
performance;5-8 however, they also add “dead weight” and may
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introduce complications with solid electrolyte interphase (SEl)
or electrolyte-soluble intermediates.?10 Electrolyte strategies
are also diverse, but generally fall into three categories: organic
liquid + additive, solid, or concentrated liquid. Traditional
carbonate- or ether-based lithium-ion electrolytes, containing
~1M LiPFs or LiTFSI, possess both high ionic conductivities (k=5-
20 mS/cm) and lithium transference numbers (t..>0.4),
enabling large current densities with minimal resistance.
Various additives have been proposed to retard dendrite
growth/formation in organic formulations without sacrificing
their favorable transport properties.11-14 Alternatively, it has
been postulated that a freestanding solid electrolyte of >6GPa
elastic modulus can mechanically resist puncture by
dendrites.1®> However, the inherently lower ionic conductivity
(<1 mS/cm) of solid electrolytes,’® in addition to contact
resistances between discrete particles/surfaces,’” generally
limits their applicability to elevated-temperature systems only.
Gel electrolytes, in which a liquid, ion-transporting phase is
immobilized by solid components, are often proposed as a
middle ground to enhance conductivity while providing limited
puncture resistance and avoiding contact issues.18-22 Gels also
provide the opportunity to adjust transport properties using
rationally designed interactions between liquid and solid.
Instead of attempting to block dendrites, concentrated
electrolytes such as room temperature ionic liquids (RTIL)
suppress dendrite formation by dampening space charge
formation, which is generally accepted as the fundamental
cause of — though not the sole factor in — dendritic growth.23
Lithium deposits in RTILs trend towards smoother, more
uniform morphology as compared to traditional electrolyte
solutions,2427 although dendrites may still form given enough
time or current density.2* Additional benefits include wide
electrochemical windows and non-volatility/flammability, as
well as application-specific advantages for certain battery
chemistries. However, while Li*-containing RTIL blends can
approach the conductivity of organic electrolytes, the
transference number of lithium (ti.) in such blends is very
poor,2829 [imiting high-rate performance.3%3! Furthermore, the
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lack of existing large-scale RTIL production results in
comparatively high prices, limiting practical applicability.
Solvate ionic liquids (SILs) have recently emerged as an answer.
The 1:1 molar combination of tetraglyme (G4) with lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) forms a strongly-
bound chelate complex [Li(G4)]* that is only weakly associated
with its TFSI- counterion, resulting in a glass-forming ionic liquid
that is stable between 0-4.5V vs Li/Li*, with ionic conductivity
>1mS/cm at room temperature.32-35 Unlike ternary RTIL blends,
all cations in Li(G4)TFSI contain lithium, resulting in much higher
tii+. Additionally, G4 and LiTFSI are commercially produced at-
scale, making costs more palatable.

In order to combine these advantages with the puncture
resistance and molecular design potential of gels, a so-called
solvate ionogel (SIG) may be formed by swelling Li(G4)TFSI into
a compatible solid host. However, while examples of RTIL
ionogels are plentiful, there have been only a handful of recent
reports on SIGs.32:36-38 Their conductivities range 0.1-1 mS/cm
at room temperature, similar to other state-of-the-art solid
electrolytes but 1-2 orders of magnitude below liquid option.
Optimized designs with better conductivity and further
improved ti. could elevate this class of materials into more
serious consideration. Nevertheless, the pathway remains
unclear, as existing reports seem to disagree with one another.
For example, two recent publications3738 describe designs
based on SIL-miscible poly(ethylene glycol) (PEG), but while
D’Angelo et al. report that PEG elevates their material’s ti,
Kitazawa et al. find the exact opposite. Critically, PEG molecular
weights in these materials are vastly different (~450Da vs.
10,000Da). Further complicating things, reported transference
numbers for SILs/SIGs are calculated from ion self-diffusion
coefficients, which ignores correlated ion motion under applied
fields (e.g. pairing/clustering).3°40 Despite these shortcomings,
the properties reported for SIGs so far, notwithstanding simple
design and limited understanding, suggests a golden
opportunity to break the long-standing barrier between liquid
and solid electrolytes, provided an appropriate design rationale.

To this end, we report a series of SIGs, each prepared from
Li(G4)TFSI immobilized in chemically-crosslinked poly(ethylene
gycol) dimethacrylate (PEGDMA). In order to probe the
relationship between structural motifs and cell-relevant
properties, we iteratively alter our design through variation of
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PEG length and addition of functionalized co-monomers, as well
as slight dilution with an appropriate solvent to produce a
“diluted solvate ionogel” (DSIG). Not only do these alterations
produce amongst the highest room-temperature conductivities
and lithium transference numbers ever reported for ionogel
electrolytes — in addition to excellent Li stripping/plating
performance — but they also suggest a mechanistic rationale for
transport behavior in PEG/Li(G4)TFSI systems which could
resolve seeming contradictions in literature. Hence, this report
represents a first step towards free-standing electrolytes for
lithium secondary cells with truly competitive performance.

Results & Discussion

Five unique compositions of ionogel were fabricated (SIGs 1-5),
each containing 80 vol% of liquid electrolyte with 20 vol%
polymerizable components (~17 wt% polymer). The formula-
specific constituents (Figure 1a) were stirred together with a
small amount of radical initiator to form transparent,
homogeneous solutions, which were then cured at 80°C for 6h
in a glass mold (as detailed in the ESI). This process produced
thin, freestanding gel films which could be handled and die-cut
into circular samples of any desired diameter (Figure 1b), which
we used to test ionic conductivity (Figure 1c), potentiostatic-
polarization-based tii. (Figure S$1),** and compressive elastic
modulus (Figure S2) of SIGs 1-5 in a climate controlled (23°C)
environment. Results are summarized in Table 1.

Elastic modulus, important for cell integrity and also linked
directly to lithium deposition morphology,° ranged 228-401 kPa
for our materials, similar to other PEG-based gel electrolytes.
While variation between formulas is relatively minor, the
differences are simple to correlate with composition.
Elongation of polymer chain length from PEGDMA M,~750
(P7s0) to PEGDMA M,~3500 (P3sp0) produces a decrease in
stiffness between SIGs 1 and 2, consistent with larger molecular
weight between crosslinks.#2 Replacing half of this P3s00 with
chemically-similar  tri(ethylene  glycol) methyl ether
methacrylate (TEGMA) in SIG 3 does not appear to significantly
alter the modulus, while incorporating a small amount of cyclic
ether 1,4-dioxane (DSIG 5) produces only a minor decrease. This
can be explained by a slight reduction in overall solvent quality
for PEG#344 for which dioxane is a theta solvent* while

Formula Composition [vol % added] Properties
P7s0 Pssoo TEGMA PyrTFSIMA Li(G4)TFSI Dioxane E [kPa] tuis K [mS/cm]
Li(G4)TFSI 0% 0% 0% 0% 100% 0% n/a 0.13 1.08
SIG 1 20% 0% 0% 0% 80% 0% 369 0.21 0.73
SIG 2 0% 20% 0% 0% 80% 0% 254 0.28 1.05
SIG 3 0% 10% 10% 0% 80% 0% 249 0.24 0.92
SIG 4 0% 10% 0% 10% 80% 0% 401 0.16 1.07
(D)SIG 5 0% 20% 0% 0% 66.6% 13.3% 228 0.57 2.15

Table 1 Composition of five novel SIGs and their measured properties at room temperature (23°C), along with neat SIL for comparison. Reported conductivities

are the average of at least three measurements on separate samples.
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Fig. 1 a) Structures/abbreviations of molecules used to form SIGs. b) Photograph of a typical 19mm diameter x 0.25mm thick SIG sample. ¢) Schematic snapshot
of SIG molecular structure, showcasing the interplay between solid and liquid components. d) Nyquist plot of representative impedance data (10kHz-100Hz)
for a SIG 2 sample, used to calculate room-temperature conductivity (Equation S1), with fitted equivalent circuit (upper left).

Li(G4)TFSI is a theta-good solvent.*¢ The introduction of ionic-
liquid-like pendant group PyrTFSIMA (N-[2-(2-(2-
(methacryloyloxy)ethoxy)ethoxy)-ethyl]-N-methyl-pyrrolidium
bis(trifluoromethanesulfonyl)imide), as in SIG 4, confers a
noticeable increase in modulus, consistent with electrostatic
RTIL polymer
Interestingly, the trend in resistance to deformation at high
stress (SIG 1 < SIG 3 ~ SIG 4 < DSIG 5 ~ SIG 2), inferred by the
strain evolved at maximum pressure, is very different than the
trend in resistance to deformation at low stress i.e. elastic
modulus (DSIG 5 ~ SIG 2 ~ SIG 3 < SIG 1 < SIG 4). This is likely a
product of increased chain entanglement for gels based on P3sgo
as opposed to Pyso, the latter being below PEG’s entanglement
molecular weight of ~2kDa,*® as well as decreased
entanglement in samples with a lower overall number of
crosslinking chains (SIGs 3 and 4).5° In a simplified way,
entanglement may be thought of as restricted chain motion
caused by adjacent chains crossing one another,>! which only
occurs in sufficiently concentrated polymer solutions above a
structure-dependent molecular weight. We were unable to
quantitatively measure toughness in our samples, as none of
them failed catastrophically up to the maximum pressure
achievable in our experiment (325 kPa), but the ability of SIGs
to withstand this compressive stress bodes well for their
applicability to pouch cells and other non-rigid battery designs.
The lithium transport properties of our SIGs exhibit more
significant variation. While “baseline” SIG 1 displayed a room-
temperature ionic conductivity of 0.79 mS/cm — slightly higher
than, but similar to, SIGs with related designs37 —increasing PEG
molecular weight from P50 to P3soo produced a nearly 50%
increase in conductivity, elevating SIG 2 to near Li(G4)TFSl itself
at >1 mS/cm. Critically, this occurs without any change to
overall polymer volume fraction. Lithium transference number
also increased between samples by 33%, from 0.21 to 0.28. We
note that while these t.;: values are higher than most RTIL-based
materials, including Li(G4)TFSI itself (measured here as 0.13), all
three electrochemically-derived values fall significantly below
previous reports of t.>0.5 for Li(G4)TFSI, a product of our
differing measurement technique. This highlights the
importance of obtaining tu: electrochemically for SIL-based

interactions between and network.4748

materials, as PGSE-NMR-derived self-diffusion coefficients
reveal important structural information but do not reflect
transport under applied electric fields for non-ideal

electrolytes.29405253 Regardless, the properties of SIG 2 are

This journal is © The Royal Society of Chemistry 20xx

exciting but anomalous, defying the conventional wisdom that
gelation of an electrolyte solution reduces its conductivity.

Further variation of the SIG formula provides clues to the
transport mechanism. Co-polymerization of monofunctional
groups with crosslinkers has previously proven effective at
manipulating gel properties,*85455 and here we do so using
either neutral (TEGMA) or ionic (PyrTFSIMA) groups of similar
structure, while maintaining a constant polymer volume. In the
neutral case (SIG 3), this replacement actually slightly worsened
both k (0.92 mS/cm) and ty. (0.24). We observe that the molar
volume ratio of PEG functionality to methacrylate functionality
is greatly decreased in TEGMA (3 repeat units per methacrylate)
as opposed to Pssoo (~38 repeat units per methacrylate).
Methacrylate functionality has been previously indicated as
electrochemically inactive towards Li(G4)TFSI.37.38,56

The fact that k and tu. decrease concurrently with total
volume of PEG suggests a volume-dependent effect of PEG on
ion mobility, although we cannot fully decouple this effect from
associated, minor changes to the network structure as well. SIG
4, in contrast to its neutral counterpart, displays nearly identical
conductivity to SIG 2, but significantly worsened t.i.. This results
from additional, mobile anions contributed by ionic-liquid-like
PyrTFSIMA, which increases the number of charge carriers but
imbalances the ratio away from [Li(G4)]*. This effect can be
helpful for dendrite prevention,>’->° but must be weighed
against the subsequent decrease in ti. which limits current
density in practical cells.5°

In contrast to SIGs 3 and 4, where polymer structure is
altered, replacing a small volume of the liquid Li(G4)TFSI with
solvent diluent to produce DSIG 5 more than doubled both
conductivity (2.15 mS/cm) and ty. (0.57) compared to SIG 2. To
our knowledge, this is the first demonstration of an
electrochemically-measured t,.>0.5 in a SIG-based material, as
well the first demonstration of solvent dilution applied to an
immobilized SIL and of 1,4-dioxane as a diluent for Li(G4)TFSI in
general. The beneficial effect of diluents on SIL properties are
well-documented,346162 gnd dioxane is an ideal choice for this
system: it is a low-molecular-weight solvent that is miscible with
all other components, unreactive towards methacrylate
radicals, and boils well above the curing temperature of the gel
(101°C vs. 80°C), but has too low a dielectric constant to
interfere with [Li(G4)]* structure.5! The “innocence” of dioxane
in this system is further supported by Raman spectroscopy
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(Figure S6). The exact mechanism by which solvent dilution
affects electrochemical, rather than diffusion-based, ty in SILs
has yet to be clarified. However, we are not the first to report
increased tu. upon diluting a SIL. This effect seems highly
volume-dependent: at least one prior study has indicated a
large tui: increase for a diluted SIL when solvent volume fraction
becomes ~23-33% of the total,?’” similar to the combined
volume of Pssoo/dioxane in DSIG 5. Altogether, this hints at a
“diluent-like” effect of PEG.

To further explore the idea of PEG-as-diluent, we prepared
non-crosslinked versions of SIGs 1 and 2, referred to as LIQ 1
and LIQ 2, which differed only in absence of a crosslinking
initiator. However, counterintuitively, we found that room-
temperature conductivity decreased in the liquid state, and that
the trend with molecular weight is reversed (LIQ 1: 0.72 mS/cm,
LIQ 2: 0.57 mS/cm), indicating that transport in PEG/Li(G4)TFSI
mixtures depends significantly on whether the polymer is
crosslinked or not.* Notably, PEO/LITFSI solid electrolytes show
the same trend in conductivity vs. molecular weight when
Mw<4kDa i.e. from below to just above the entanglement limit.
This has been ascribed to vanishing mobility of polymer/Li*
complexes (as opposed to interchain Li* transport via segmental
motion) above the entanglement limit.63 In point of fact, it has
been previously shown that PEG can compete with G4 for Li*
binding in Li(G4)TFSI i.e. it is a “non-innocent” diluent,3856 which
induces formation of polymer/Li* complexes.

With all of the above information we may begin to
rationalize the transport behavior of PEG/Li(G4)TFSI mixtures,
including SIGs. We posit that competitive binding of Li* and
“diluent-like” mobility enhancement are simultaneous-but-
competing effects which depress or enhance Li* transport,
respectively (Figure 2). Because the stability of [Li(polyether)]*
complexes depends strongly on change in entropy upon binding
i.e. the chelate effect,%455 the ability of PEG to effectively
compete with G4 for Li* must be dependent on polymer
conformational freedom. Chemical crosslinking results in a
significant loss of freedom, especially for chain segments near
the crosslinking sites,*#6¢ which should therefore shift the
competitive equilibrium more strongly towards G4. Competitive
Li* binding by PEG in SILs is indirectly detectable through
thermogravimetry,3® as the liberated G4 molecules are slightly
volatile at 120°C. We do indeed observe greater weight loss at
120°C for the liquid vs. crosslinked samples (Figure S3),
suggesting that the stability of the [Li(G4)]* complex is affected
by PEG crosslinking status. Interestingly, while one might expect
the shorter, un-entangled P7so to displace G4 more readily than
P3s00 in the solution state, the difference in weight loss with
crosslinking is actually smaller for the smaller chain, which may
point towards some fundamental difference in PEG/Li(G4)TFSI
interaction below the entanglement limit.

PEG chain segments that do not compete for Li* may instead
exert a diluent-like effect. Solvent dilution of RTILs tends to
greatly reduce their viscosity and thus improve ion mobility,
albeit with a concurrent, dielectric-dependent reduction of
ionicity as well.67-%° |n lithium SILs, where cation molecular
structure may also fluctuate,’® diluents can additionally affect
the structure and balance of Li*-G4 complexes.®! Regardless,

4 | J. Mater. Chem. A, 20xx., 00, 1-3
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Fig. 2 Schematic diagram of PEG/Li(G4)TFSI interactions under an applied
field, conceptually depicting competitive binding of Li* and diluent-like
mobility enhancement by PEG.

PEG fits the criteria for an effective SIL diluent, possessing a

moderate dielectric constant of ~4 and a donor number similar
to glymes. In fact, studies which report lowered Dy in
PEG/Li(G4)TFSI systems also report improved bulk conductivity
relative to other polymer choices.385¢ These effects could only
occur simultaneously if the depressed mobility of bound Li* is
by enhanced mobility for the
remaining ions j.e. a diluent-like effect. Furthermore, our own

outweighed, on average,

results lead us to postulate that this enhancement is influenced
by 1) the volume fraction of PEG relative to total SlIL-swelled
polymer, and, for crosslinked systems, 2) whether the molecular
weight between crosslinks is above or below the entanglement
molecular weight of PEG (~2kDa).

Plasticization of the polymer network, often invoked to
explain transport in solid polymer electrolytes,’! does not seem
to be a major factor, as differential scanning calorimetry data
indicates an increase, rather than decrease, of Ty for samples
with P3s00 (Figure S4), perhaps a result of more [Li(polyether)]*
complex formation. Instead, the observed dependence on
polymer molecular weight is likely caused by specific chemical
interactions. It is possible that, rather than being directly
related to entanglement itself, enhanced mobility at higher M,
is related the radius of gyration of the polymer in comparison to
the bulky sizes of [Li(G4)]*, TFSI,, and their aggregates. Further
study is needed to clarify the origin of this effect.

The dual action of PEG (binding vs. diluency) on Li(G4)TFSI
also accounts for behavior in previously-reported SIG materials.
In our SIG 1, as well the SIGs reported by D’Angelo et al.,
competitive Li* binding by PEG is rendered unfavorable due to
low molecular weight and/or chemical crosslinking; hence, the
volume-dependent diluent-like effect dominates, and both k
and t+ are observed to increase compared to similar materials
lacking PEG. However, the improvement is minor, again due to
low molecular weight between crosslinks. On the other hand,
the PEG chain in the block copolymer reported by Kitazawa et
al. is much longer (My>10kDa) and also processed at higher
temperature, creating opportunities for coiled PEG segments to
bind Li* and liberate G4. The resulting SIG displays reduced tii.
compared to a methacrylate analog, although k is still observed
to increase overall due to the diluent-like effect.

Our P3sgo-based SIGs apparently occupy a “sweet spot”
between these cases, where molecular weight between
crosslinks is large enough to maximize the diluent effect, but not
so large that competitive binding of Li* overshadows it. This

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 a) Time-to-short-circuit (0.1 mA/cm?) for Li|Li symmetric cells with SIG separators vs. Li(G4)TFSI/glass fiber. Ts correlates with volume of (entangled)
P3s00. Excess mobile anion, as in SIG 4, also has a noticeable effect. b) Symmetric cell cycling data for best-performing SIGs, which demonstrate consistent and
lower overpotential vs. Li(G4)TFSI/glass fiber. No short circuits were observed through 100 cycles (600 hours) at 0.1 mA/cm?. Voltage data is normalized to
Li(G4)TFSI based on sample/separator thickness to account for batch-to-batch variation and allow a head-to-head comparison.

mechanistic view also suggests that further improvement might
be achieved through rational design of the polymer matrix
and/or liquid composition to minimize/eliminate competitive
binding while maximizing diluent-like properties. We plan to
explore this concept in future publications.

In order to confirm that favorable SIG properties translate
into good performance with lithium metal, we constructed Li|Li
symmetric cells containing SIG separators and performed
galvanostatic (0.1 mA/cm?) polarization experiments at room
temperature until lasting short circuits were observed (Figure
S5). Time-to-short-circuit (Ts) values are summarized in
comparison to neat Li(G4)TFSI contained in a large-pore glass
fiber separator (Figure 3a). While no major advantage over the
SIL is observed for SIG 1, SIGs 2-5 show excellent dendrite
resistance. Best-performers SIG 2 and DSIG 5, which have the
largest concentration of Ps3sgo, could resist short-circuit for
longer than 100h of continuous current application -
competitive with other high-performing gel electrolytes.”2
Using our improved structural insight to analyze these results, it
is clear that short-circuit resistance is related to chain
entanglement, which should act to dissipate the force of a
protruding dendrite more evenly throughout the network.
Elastic modulus does not directly reflect this structural detail.
High-stress behavior, however, seems to correlate better (vide
supra), and we suggest that more future efforts be dedicated to
studying and correlating non-elastic mechanical properties with
dendrite resistance. We also note that SIG 4 performs much
better than SIG 3 despite similar network structures, confirming
that anion concentration and other chemical details also play a
role.

Cyclic stripping/plating in symmetric cells, as opposed to
static polarization, real device
conditions. Hence the best-performing SIG 2 and DSIG 5 were
compared to Li(G4)TFSl/glass fiber over 100 6h cycles at 0.1
mA/cm? (Figure 3b). All cells exhibited an initial SEI formation
period with slightly higher overpotential and irregular voltage
profile shape, followed by minimum overpotential around the
50 cycle (30h) mark. Continued cycling out to 600 hours results
in a very slight increase for all cells, most likely due to gradual
SEIl buildup, however, no signs of short-circuit were observed,

more accurately mimics

This journal is © The Royal Society of Chemistry 20xx

and the shapes of the stabilized profiles was smooth and
monotonically increasing, suggesting non-dendritic
morphology.”3 Furthermore, both SIGs required significantly
less overpotential for stripping/plating than neat Li(G4)TFSI,
possibly due to porosity/tortuosity effects in the glass fiber
separator.”* However, comparing SIG 2 with DSIG 5, it is clear
that overpotential does not correlate linearly with transport
properties. Interfacial resistance likely plays a limiting role in
this system, which might be selectively improved through
compositional engineering.

Conclusions

In summary, we have fabricated a series of free-standing
solvate ionogel (SIGs) electrolytes based on low-cost Li(G4)TFSI
immobilized in a chemically-crosslinked poly(ethylene glycol)
dimethacrylate (PEGDMA) network. Through careful design of
both polymer structure and liquid composition, we have
demonstrated the potential to control properties such as
conductivity (k) and lithium transference number (t.;.) to exceed
2x103 S/cm and 0.5, respectively. Additionally, we have
uncovered a significant dependence of lithium transport on PEG
chain length and crosslinking status in SIGs, which may be due
to an interplay between competitive Li* binding and “diluent-
like” mobility enhancement that changes for PEG above the
entanglement limit (~2kDa). These outstanding properties
make SIGs well-suited for lithium metal batteries, with best-
performing formulas able to strip/plate lithium for >600h (100
cycles) without short-circuiting. Our results also suggest future
areas for SIG optimization, such as reduction of competitive Li*
binding, reduction of interfacial resistance, and
improved toughness. The combination of simple fabrication,
excellent Li* transport, and metallic lithium compatibility makes
SIGs attractive for “beyond Li-ion” battery designs.
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