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ABSTRACT: Progress toward durable and energy-dense lithium-  Superionic Crystal Domains Property Optimization
ion batteries has been hindered by instabilities at electrolyte—
electrode interfaces, leading to poor cycling stability, and by safety
concerns associated with energy-dense lithium metal anodes. Solid
polymeric electrolytes (SPEs) can help mitigate these issues;
however, the SPE conductivity is limited by sluggish polymer
segmental dynamics. We overcome this limitation via zwitterionic
SPEs that self-assemble into superionically conductive domains,
permitting decoupling of ion motion and polymer segmental
rearrangement. Although crystalline domains are conventionally
detrimental to ion conduction in SPEs, we demonstrate that
semicrystalline polymer electrolytes with labile ion—ion interactions
and tailored ion sizes exhibit excellent lithium conductivity (1.6 mS/
cm) and selectivity (f, ~ 0.6—0.8). This new design paradigm for SPEs allows for simultaneous optimization of previously
orthogonal properties, including conductivity, Li selectivity, mechanics, and processability.
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B INTRODUCTION have been identified that reliably surpass the conductivity of
poly(ethylene oxide) (PEO), due to its combined low T, and
moderate salt solubility.”'' Moreover, this solvation process
often results in limited metal cation transport because strong
cation—polymer interactions can slow down cation motion,
especially for multivalent ions,'> and thus cations frequently
account for less than 20% of the total ionic current."
Inorganic solid-state electrolytes offer the strongest decou-
pling between mechanical and conductive properties. Although
their atomic rearrangements are restricted by steep energy
wells, they display ionic conductivities of 0.1—12 mS/cm and
excellent cation selectivities (f, ~ 1)."*”"” These attractive
features result from ion diffusion channels comprised of
interstitial and/or lattice site vacancies that can be designed to
support ion hopping/migration. In addition, the rigidity and
optimized size of these ion channels often completely prevent
motion of nontarget ions (Figure 1B). Such materials are
clearly advantageous for their high ionic conductivity,
selectivity for target ions, and high elastic modulus, but they
suffer from many challenges, such as poor contact at interfaces

The efficient and safe storage of electrochemical energy is
critical for such emerging technologies as electric vehicles and
portable electronic devices.' ™ Practical requirements for next-
generation secondary Li-ion batteries include higher energy
densities and charge—discharge rates, which hinge on new
high-voltage, high-capacity, and high-power cathode materi-
als*™® and on electrolytes with higher ionic conductivities (o).
Further, high energy densities can be reached only if Li-ion
cells are operated over a wide potential range that exceeds the
electrochemical stability window of current organic-solvent-
based electrolytes. Next-generation Li-ion cells require the
development of more stable and nonflammable electrolytes.
Solid polymer electrolytes (SPEs) have attracted interest due
to their stability and mechanical robustness,” but it remains
challenging to attain SPEs with both high ionic conductivity
and lithium selectivity.”

Traditional SPEs, such as polyethers, exemplify vehicular ion
transport (Figure 1a), where ion motion is controlled by the
segmental relaxation time scale of the material ('L'g).g_10 This
mechanism leads to the near-universal convergence of the

measured ionic conductivities of rubbery amorphous polymers Received:  October 12, 2021
as a function of temperature when the latter is referenced to Published: January 4, 2022
the glass transition temperature (T — T,). Vehicular

conduction limits polymer design because only plasticized
(soft) polymer electrolytes display sufficiently high ion
conduction for battery applications. In fact, no solid polymers
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Figure 1. Schematic representation of the path of an ion through (A) a typical solid polymer electrolyte, in which ion transport is coupled to the
time scale of local rearrangements, and (B) an ordered solid with sufficient free volume to enable superionic transport. The atoms of a crystal are
typically confined to specific lattice positions, allowing sufficiently small ions with a low charge (blue spheres) to diffuse though the matrix (red
spheres) via successive discrete hops involving vacant lattice sites or interstitial sites, while the motion of larger or highly charged ions (green
sphere) is excluded. (C) The zwitterionic polymer studied herein comprises IL-inspired ions tethered to the backbone. Mobile ions are doped in
through the addition of a Li*"TFSI salt at select molar ratios. (D) The DC ionic conductivity of salt-containing PZILs shown as a function of
temperature is comparable to that of PEO (a best in class SPE).”® (E) While standard SPEs have molar ionic conductivities coupled directly to the
time scale of molecular rearrangements, (7, ~ 1/A), the salt-containing ZILs demonstrate decoupling of these properties. Amorphous
poly(ethylene oxide) (PEO) and poly(propylene glycol) (PPG) serve as reference SPEs, and (Ag),s—(AgPO;),; as a typical superionic inorganic
solid (literature data on PEO, PPG, and Ag systems obtained from Sokolov').

with the electrodes,® brittleness and cracking,lg’zo and limited

chemical and electrochemical stability against a lithium metal
anode and/or high-voltage cathode.”’

The design of tough, processable polymers with ion
conduction properties and elastic moduli comparable to
those of inorganic electrolytes could mitigate the deficiencies
of both SPEs and inorganic solid-state electrolytes. However,
attempts to decouple conduction from segmental mobility in
ion-conductive polymers have so far met with marginal success.
Composites of inorganic particles and SPEs can partially
mitigate issues encountered by each material class,””** but
suffer from significant drawbacks, such as particle agglomer-
ation and high impedance at the heterogeneous interfaces.
Furthermore, the conductivity, selectivity, and mechanics of
these composites typically result in only modest improvements
over the constitutive SPE. Another approach to overcoming
the rate limitations inherent to vehicular ion conduction in
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traditional SPEs is to engineer disordered and dynamically
heterogeneous polymers””** or microphase-separated block
copolymer architectures with SPE channels that are integrated
with a higher-modulus component.*® Although these SPEs do
exhibit decoupling from the vehicular conduction mechanism,
their conductivity values have so far been well below those of
state of the art SPEs. Recently it has been shown that
crystalline jon channels in block copolymer electrolytes
promote proton conduction, highlighting the possibility for
ion transport through organic crystalline lattices.”’

To address these challenges, semicrystalline zwitterionic
(ZI) SPEs are proposed. Key to their design is the decoupling
of lithium transport from the fluidity of the matrix. This
decoupling confers superionic performance resembling that of
inorganic solid-state electrolytes, while the polymer matrix
leads to processability and ductility akin to those of traditional
polymeric electrolytes. We show here that facile lithium

https://doi.org/10.1021/acscentsci.1c01260
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transport is enabled by bulky cationic and anionic groups
tethered to the backbone and arises from the weak interactions
between lithium and framework ions. We further hypothesize
that the disparity in size between lithium and constituent ions
of the PZIL creates sufficient free volume for the superionic
transport of Li". The electrochemically determined ionic
conductivity of this polymer electrolyte is competitive with
that of state of the art polymeric ion conductors (¢ & 1.6 mS/
cm), despite its modest T, value (T ~ 270-300 K).
Significantly, ’Li solid- state nuclear magnetlc resonance
(NMR) measurements indicate the presence of multiple
lithium environments associated with different mobilities,
suggesting an accelerated conductivity mode through crystal-
line domains. From the ’Li and F NMR self-diffusion
coefficients obtained via pulsed field gradient NMR (PFG
NMR), we calculate a lithium transport number of 0.67, which
is markedly larger than the corresponding value for PEO (t, ~
0.2).” These results clearly illustrate the potential of polymeric
zwitterionic liquids (PZILs) as new design platforms for solid
polymer electrolytes with superionic conduction.

B RESULTS AND DISCUSSION

PZILs Display a Faster-than-Vehicular Conduction
Mechanism. To leverage the superionic conduction mecha-
nisms characteristic of inorganic solid-state electrolytes, PZILs
are designed with bulky, immobilized charges, resulting in
labile ion—ion interactions and significant free volume for
metal cation motion (Figure 1C). The choice of a bulky,
pendant imidazolium-trifluoromethanesulfonamide (Im-TFSI)
zwitterion allows for weaker Coulombic interactions, and the
asymmetry in mobile cation and tethered anion sizes promotes
crystal formation with sufficient void space for Li* ions. The
orientation of the zwitterion (with the cation proximal to the
backbone) is selected in accordance with calculations by Keith
et al. which suggest that thls orientation results in greater
selectivity for lithium motion.” Although zwitterionic electro-
lytes have not been entirely unexplored,”*™*° previous reports
have leveraged amorphous polymers wherein ordering of the
pendant zwitterions is not possible (often due to cross-linking
of the network). These disordered systems do not display the
superionic mechanism that distinguishes the PZILs reported
herein. Recent studies have pointed toward the promising
properties of zwitterions in electrochemical applications both
as an ion transport matrix’” and as a means to increase the
dielectric constant of an electrolyte.*®

The choice of salt identity and concentration is critical to
maximizing salt dissolution while preventing aggregation and
precipitation. Mobile lithium bis(trifluoromethanesulfonimide)
(Li*/TFSI") is a highly labile salt whose use leads to facile
dissociation in the presence of ion-solvating functionalities. It
should also be noted that, due to the solvation afforded by
zwitterionic liquid (ZIL) groups, salt/monomer molar ratios
(parametrized by r) higher than the upper r = 0.9 value
presented in Figure 1 can be obtained without salt
precipitation (Section 6 in the Supporting Information).

Promising results were obtained from electrochemical
impedance spectroscopy (EIS) measurements, with high
ionic conductivities being observed for the PZILs and minimal
conduction for the parent, undoped polymer (Figure 1D). This
dramatic conductivity difference demonstrates that the ionic
current is carried by the Li*/TFSI” dopants, suggesting that
the polymer acts as a fixed charged background for the mobile
ions. The ionic conductivities of the PZILs are in excess of 1
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mS/cm at elevated temperature, an important metric for
practical implementation. Though other polymeric electrolytes,
such as PEO, have exceeded this conduction threshold, their
high values have been achieved via fast segmental motion.'’ In
contrast, the doped PZILs achieve competitive ion con-
ductivities despite sluggish segmental motion, as indicated by
their relatively high glass transition temperatures (T, & 270~
300 K; Section 7 in the Supporting Information). As a result,
PZILs also maintain high ion mobilities at low temperatures
below their T, value. For example, the r = 0.9 sample has an
ionic conduct1v1ty exceeding 107> mS/cm at 273 K (1000/T =
3.6), orders of magnitude larger than the conductmty of PEO
at the same temperature (<10™° mS/cm)*® (Figure 1D).

The ionic conduction behavior of the PZIL under small
potentials and across a wide range of temperatures, including
temperatures near and below T, differs from the standard,
vehicular ion-conduction mechanism. The presence of
superionic conduction is best indicated by the “Walden-plot”
analysis shown in Figure 1E. Traditionally, the Walden rule
predicts that the molar ionic conductivity (A = o/, where c is
the number density of charges in the electrolyte) is inversely
proportional to the matrix v1sc051ty ? In viscoelastic polymers,
however, it is more appropriate to consider the glassy
relaxation time of the polymer, 7,, rather than the viscosity.
Figure 1E demonstrates that the “polymeric Walden rule”
(dashed black line), though an excellent predictor of
conduction for PEO and poly(propylene glycol) (PPG,
another polyether), dramatically underestimates the conduc-
tion of PZILs, particularly as the polymer approaches its T,
value (z, = 100 s). The Walden prediction (A ~ D ~ 7;") is
adapted from liquid-state electrolyte theory and corresponds to
a conduction mechanism enabled by local fluid rearrange-
ments. This prediction also distinguishes “superionic” from
“subionic” conductors, where materials with conductivities
exceeding the value expected from the Walden model are
designated “superionic”. The conductivity behavior of the
PZIL (7,(T), determined from rheology measurements;
Section 17 in the Supporting Information) strongly deviates
from Walden predictions, with ionic conductivities at the glass
transition temperature (7,(T,) = 100 s) exceeding expectations
by nearly 9 orders of magnitude. This decoupling is
reminiscent of inorganic solids, such as superionic ceramics
(we include (Ag)ys-(AgPO;)os as a reference in Figure 1E),
which suggests that the PZILs exhibit a solid-like structural
motif that enables superionic behavior.

The PZIL lon Conduction Mechanism Arises from
Ordered Subdomains That Promote Superionic Mobi-
lity. The superionic conductivity of the PZIL arises from
ordered regions within the electrolyte, which act as pathways
for facile, size-selective ion motion. Wide-angle X-ray scattering
(WAXS) measurements demonstrate the presence of both
ordered and amorphous features, as shown in Figure 2A and
schematically represented in Figure 2B. The amorphous
fingerprint manifests as a shouldered, broad peak in the g
range ~1—2.5 A™'. This amorphous halo reflects polymeric
segment—segment correlations.””*' The presence of sharper
Bragg reflections that are most prominent in the absence of
added salt and are weak at the highest salt loading suggests a
structural order arising from the zwitterionic species, likely
driven by electrostatic interactions between the zwitterions.
This type of side-chain ordering has been reported in
zwitterionic polymers’>* and other systems.”* The side-
chain ordering in the present PZIL is confirmed by comparison

https://doi.org/10.1021/acscentsci.1c01260
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relaxometry (T,), and pulsed-field gradient NMR (Section 9
in the Supporting Information) experiments allow atomic-scale
insights into these transport environments and provide details
on the supporting sub-micrometer diffusion processes.
Significantly, in all three NMR measurements (Section 7 in
the Supporting Information), we observe two distinct 'Li
populations with very different dynamics. These measurements
consistently show that ~25% of the lithium exists in a “fast”
environment that relaxes and diffuses nearly 1 order of
magnitude more quickly than the second “slow” lithium
population (Dy, g = 7.6 X 107 m*/s, Dy g, = 9.2 X 1077
W m?*/s at 358 K). Although these measurements cannot spatially
“.superisnic” B & i distinguish motion through the amorphous and crystalline

T domains of the material, the presence of two lithium transport
environments is suggestive of an inhomogeneous transport

Intensity

Figure 2. A structural analysis of the PZIL indicates the presence of

two phases, one containing an ordered structure very similar to the mechanism in which the ionic mobility of lithium is affected by
small molecule on which the PZIL was based and another amorphous the ordered domains of the electrolyte. In contrast, a YF NMR
phase. (A) WAXS curves demonstrate the presence of amorphous and analysis reveals a single dynamic population of fluorine,
ordered structures within the PZIL sample. The crystalline peaks of a suggesting that fluorine motion is not enhanced by the
small-molecule analogue for this material appear to match well with polymer’s dynamic heterogeneity. Due to the large size of the
the Bragg peaks of the PZIL, suggesting a structural similarity between free TESI™ anion, its motion may be hindered through the

the structure of the small-molecule crystal and the polymer. The
small-molecule scattering conforms to the space group Pna2,, as
detailed in Section 4 in the Supporting Information. (B) Schematic
representation of the conduction mechanism in the polymer
suggested by NMR difftusometry. The amorphous domains are

ordered regions of the electrolyte, as predicted by random
barrier-type models of ion conduction (see Section 7 in the
Supporting Information).

Conduction through Superionic Lattices Promotes

proposed to promote the motion of lithium and its counterion High Cation Selectivity. The performance of Li-ion batteries
through vehicular motion; the ordered domains are suggested to have is ultimately dictated by the lithium-ion flux rather than by the
high selectivity for lithium, transported via a superionic conduction total ionic conductivity of the electrolyte. A more complete
mechanism. picture of electrolyte performance, therefore, considers the

selectivity of the electrolyte as well as its conductivity, with
of the scattering pattern of the neat polymer (r = 0) with that cation transport number and limiting current fraction (some-
of a small-molecule analogue of the pendant zwitterionic times referred to as a transference number) being two practical
groups (Figure 2A). The structural similarity between the two metrics of electrolyte selectivity.**™*’ The tradeoff between
crystalline structures is evident from the matching of the three permeability (conductivity) and selectivity (limiting current
primary peaks. The incomplete matching of higher-order peaks fraction) can be captured via analogy to a Robeson plot
is unsurprising because the constraint of backbone attachment typically used to characterize separation membranes, as shown
is likely to affect fine structural features. The similarity between in Figure 3.** A data aggregation study by Balsara and co-
the crystal structure of the small-molecule analogue and the workers demonstrated a universal upper bound on the
polymer crystallites is further supported by a thermal analysis Robeson plot (reproduced in the dashed line of Figure 3A)
(Section 1.7 in the Supporting Information). that is independent of the polymer structure and backbone

Our data show that these Im-TFSI based polymer chemistry.”

electrolytes display two distinct diffusing environments, As shown in Figure 3A, the PZILs reported here surpass the
which may correspond to the “ordered” and “amorphous” universal upper bound reported by Balsara and co-workers’ for

regions of the PZIL. Further 'Li and ’F 1D NMR, NMR polymer electolytes, indicating an improvement in SPE design.

A op T T T T 1B Electrolyte | Li* Selectivity o [mS/cm]
> 0‘5: _ Im-TFSI PZIL t, = 0.67 1.45
=k Ae) E Im-TFSI PZIL p.=0.54 1.6
8 ol ~2° 1 Am-TFsIPZIL t, = 0.67 0.44
$ 3 ."'-.,O’ Ethim-TFSI PZIL p,=0.73 0.68
I %] Am-TFS-C6F5PZIL p, =047 1.13
S ozt E ﬁ .
o.o; " n " " L ur ";E: PR %'é,lo ,s’?ef':ié':’ L@”—}’;’:{ ??’?é ::::, 5* °°F F
10° 10° 10° 107 10" 10 10 ‘*’63:"' s o © TR

lonic Conductivity [mS/cm]

Figure 3. (A) A Robeson-inspired plot captures the traditional tradeoff between ionic selectivity (transference or transport number) versus
permeability (conductivity). Unfilled symbols are values aggregated from a broad set of polymer electrolyte papers by Balsara and co-workers’
demonstrating the observed upper bound for these systems based on matrix molecular motion enabled ion transport. In comparison, the superionic
PZILs studied here have comparable conductivities but much higher selectivities in comparison to the best conventional polymeric electrolytes. (B)
The table indicates the selectivity metrics and conductivities for PZIL electrolytes. p, indicates the electrochemically determined limiting current
fraction (Section 9 in the Supporting Information), and ¢, indicates the transport number determined by PEG-NMR (Section 7 in the Supporting
Information). ¢ indicates the total ionic conductivity determined from EIS.
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Both the cation transport number (¢, determined from PFG-
NMR; see Section 7 in the Supporting Information) and the
limiting current fraction (p,, evaluated for small potentials in
Section 9 in the Supporting Information) indicate comparable
lithium selectivities at 358 K of 0.67 and 0.54, respectively, for
the PZIL discussed thus far (Im-TFSI PZIL). In an expansion
of this design strategy, other PZILs (and a small-molecule ZIL,
Figure 3B) with different cation/anion pairs demonstrate
similar performance, and all exceed the previously observed
upper bound in the Robeson-inspired plot. The simultaneously
high conductivity and lithium selectivity of the PZIL suggests
that engineering a solid-like and size-selective transport
pathway into SPEs is a powerful strategy for outperforming
the traditional “upper bound” of polymer electrolyte perform-
ance.

The grand challenge in the development of polymeric
electrolytes has centered around designing electrolytes that are
stiff, ionically conductive, and selective for lithium transport.
Decades of work in polymer electrolyte research has suggested
that ordered domains are deleterious for ion mobility within
SPEs. This notion, however, is incompatible with superionic
inorganic solid electrolytes, which depend on ordered lattices
to enable selective ion motion. The present work demonstrates
a new paradigm in which the advantageous mechanisms of
inorganic electrolytes can be seamlessly integrated into organic
polymers through the molecular engineering of ordered
domains, resulting in SPEs with unprecedented lithium-ion
conduction and selectivity. These systems provide powerful
motivation for further studies of organic crystals and polymeric
zwitterionic liquids as tunable platforms for the rapid and
selective transport of target ions, though more studies are
required to prove the in-operando stability of electrochemical
cells based on these design principles.
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