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ABSTRACT: Widespread commercial adoption of polymer electrolytes for lithium-ion batteries has been hindered by subpar
transport properties, namely, ionic conductivities of <1 mS/cm at room temperature and slower Li* compared to anion transport.
The developed polymer and water-in-salt electrolyte demonstrated preferential Li* transport compared to the anion via pulsed field
gradient NMR, acceptable ionic conductivities of >1 mS/cm at 25 °C, and an extended electrochemical stability window compared
to water-in-salt electrolytes. This polymer electrolyte has a flexible liquid/solid transition through polymer molecular weight tuning,
and both liquid and solid iterations are investigated. MD simulations provided additional insight into the Li* solvation environment
and the mechanism of fast, preferential Li* transport through percolation of water-rich Li*(H,0), nanodomains inside the

poly(ethylene oxide) matrix.

B INTRODUCTION

Current state-of-the-art lithium-ion batteries (LIBs) rely on
liquid organic electrolytes to create passivating interfaces to
enable high voltage battery configurations (>4.0 V). Electrolyte
solvents such as ethylene carbonate (EC) and dimethyl
carbonate (DMC) provide sufficient ionic conductivity and
stabilize the electrolyte—graphite interface by decomposing
and forming an electronically insulating but ionically
conducting solid electrolyte interphase (SEI). However, these
solvents are inherently flammable and are often coupled with a
thermally unstable salt (LiPFq)."! The choice of thermally
unstable components for the sake of performance makes the
battery susceptible to multiple failure modes that would result
in thermal runaway and combustion, generating significant
interest in replacing these liquid electrolytes with safer
materials.” ® Solid electrolytes are attractive alternatives to
liquid organic electrolytes from a safety perspective as they
could address many of the failure modes such as electrolyte
leakage, high temperatures, overcharging, and fire.! Liquid
organic electrolytes exhibit an intense exothermic reaction
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above 200 °C,” and PEO + salt “dry SPEs” are more thermally
stable. However, these SPEs have also been shown to burn in a
flammability test,” proving that thermal stability and safety are
still a concern with these dry SPEs. Another major limitation
hindering dry SPE adoption is their poor ionic conductivities
(<107 S/cm).”™"* Attempts to improve conductivity often
focus on plasticizing the polymer matrix with the addition of
various materials.”*™"* A more promising route, however,
would involve decoupling ion motion from the structural
relaxation and segmental motion of polymer chains.*

Angell et al.”' first demonstrated in 1993 the concept of
polymer-in-salt electrolytes (PiSEs), as opposed to the
commonly studied salt-in-polymer electrolytes. With the
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Table 1. Compositional and Transport Properties of ASPEs Determined by Electrochemical Impedance Spectroscopy (EIS)
and Pulsed Field Gradient Nuclear Magnetic Resonance (pfg-NMR)

PEO LiTFSI water Li*/EO/
content content content Li/water water mole
sample [wt %] [wt %] [wt %] mole ratio ratio
ASPE1 22.7 64.7 12.6 1:3.09 0.44:1:1.36
ASPE2 23.1 66.0 10.9 1:2.64 0.44:1:1.16
ASPE3 23.5 67.3 9.2 1:2.18 0.44:1:0.96
ASPE4 24.0 68.5 7.6 1:1.73 0.44:1:0.76

Li transport no. Nernst—Einstein equation

[D(Li)/(D(Li) + D(F))] EISo¢ @ 25 °C calculated 6 @ 23 °C
unitless)” mS/cm]® [mS/cm]©
0.64 1.75 + 0.132 3.67
0.67 1.58 + 0.235 2.54
0.67 0.909 + 0.123 1.76
0.66 0.681 + 0.146 0.998

“Transport numbers are obtained from NMR experiments for various molecular species in the ASPEs at 25 °C. “Tonic conductivity is measured by
EIS at 25 °C. “Conductivity is calculated using the Nernst—Einstein equation at 23 °C.

understanding that polymers such as poly(ethylene oxide)
(PEO) or poly(propylene oxide) (PPO) show complete
miscibility with many lithium salts, the relative concentration
of salt and polymer could be inverted such that salt was the
majority component. It was observed that in these salt-in-
polymer systems, the glass-transition temperature (Tg), the
temperature above which meaningful polymer segmental
motion is experimentally observed, showed a maximum as
salt content was increased, indicating that transport properties
of the salt—polymer electrolyte could be improved by
increasing the salt content past this maximum. This insight
deviated from the conventional wisdom that as salt
concentration increases, T, increases.”””’ The compositional
range past the T, maximum was named the salt-in-polymer
domain, and it was demonstrated that as little as 10—20 wt %
high-molecular-weight polyether (>10° Da) is needed to
impart the mechanical properties of an elastomeric solid.
Conductivity values greater than 107" S/cm at 25 °C were
measured for 90% lithium salts and either 10% PEO or 10%
PPO.”" Bushkova et al.** described the transport properties in
terms of percolation theory, with a critical threshold of ion
clusters creating a network effect, effectively creating one big
cluster. This allows for fast cationic transport of Li* through
this cluster network by decoupling ion motion from polymer
chain segmental motion, with this decoupling termed
“superionic”.”’ The attractive features of the PiSE approach
are the combination of fast cationic transport with the
mechanical properties of a flexible polymer. Ferry et al
showed that the role of the polymer, in addition to forming a
solid, is to plasticize the salt and impart the ability to form an
ion cluster network.”

Taking the concept of salt-rich systems, Suo et al.” innovated
a highly concentrated 21 m (molal) solution of lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in water or
“water-in-salt” electrolyte (WiSE). This is analogous to the
PiSE, with the difference being that water is acting as the
plasticizing agent as opposed to the high-molecular-weight
polymer. However, similar to the PiSE, the WIiSE is
constructed to solve a fundamentally different problem than
decoupling ion motion from chain segmental motion in
polymer electrolytes. This system demonstrated for the first
time that through superconcentration of lithium salts, anion
reduction could be an effective route to the formation of a
passivating SEI**"*’ in an aqueous electrolyte. Their research
showed an expanded electrochemical stability window (ESW)
for an aqueous electrolyte up to ~3 V, with the proof of
concept battery pair of a MogSg anode and a lithium
manganese oxide (LMO) cathode. This work has sparked
interest in high salt concentration electrolytes for aqueous
systems as a compositional approach to changing the
mechanism for SEI formation, leading to further improvements
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through the use of additional salts””~*" and hybrid aqueous/

nonaqueous32 systems. Switching from organic solvent to
anion-derived passivation enabled by a high concentration of
lithium salt (>3 M) constitutes a paradigm shift in interphase
formation and opens a range of possibilities for tailoring the
SEI that were previously unavailable, enabling higher voltage
aqueous battery chemistries.

Building on the previous observation that in PiSE systems,
residual amounts of solvent could improve the conductivity by
multiple orders of magnitude,” we designed a polymer
electrolyte composed of a polymer matrix doped with salt
and plasticized with water that simultaneously improves
polymer electrolyte safety and lithium cation transport. This
polymer and water-in-salt electrolyte (pWiSE) also has
improved electrochemical stability compared to the traditional
WiSE. The inclusion of water can provide an extinguishing
effect that significantly improves safety, which is a notable
enhancement over dry SPEs.® Unlike previous study of a very
low-molecular-weight oligomer of poly(ethylene glycol) (MW
= 400),”* we investigated incorporation of the WiSE into both
a liquid/solid PEO polymer matrix to form an aqueous
polymer electrolyte. Tuning the molecular weight of the
polymer results in either an SPE or a liquid polymer electrolyte
with the same chemistry, with the low-molecular-weight liquid
variant allowing for easier electrochemical characterization
with three-electrode cyclic voltammetry. Both variations of
electrolytes demonstrate room-temperature conductivities of
>1 mS/cm and exceptional cationic transport properties with
D(Li) > D(F). MD simulations reveal Li* solvating environ-
ments and the mechanism for high Li* conduction in these
electrolytes with a focus on the vehicular motion of Li* as
Li*(H,0), versus solvent and anion exchange.

B RESULTS AND DISCUSSION

Aqueous solid polymer electrolytes (ASPEs) were produced
using a high-molecular-weight PEO matrix (10° M,) to make
free-standing polymer electrolyte membranes (the manufactur-
ing process is depicted in Figure S1). The compositions of
ASPE1—ASPE4 were designed by fixing the molar ratio of Li*/
EO (EO being total ethylene oxide repeat units in the system)
to 1:0.44 while adjusting the molar component of water from
1.36 to 0.76 in 0.2 decrements. This was done to study the
effect of water concentration on electrolyte properties. ASPE
composition information in both weight percentages and
relative molar concentrations can be found in Table 1. Low-
molecular-weight aqueous polymer electrolyte solutions
(designated AE1 and AE4) are made with the same molar
ratios of ASPEs found in Table 1. However, the low-molecular-
weight PEG (3350 M,) forms a polymer solution as opposed
to a solid membrane. AE1 and AE4 are referenced in the MD
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simulations as they are closer in molecular weight to what was
modeled (PEO with 64 repeat units, molecular weight ~ 2816
Da).

Differential scanning calorimetry (DSC) was used to identify
the presence of any reversible phase transitions of ASPEs and
to ensure that the relative concentrations of lithium salt and
water were sufficient to fully plasticize the high-molecular-
weight polymer matrix. Figure S2 shows DSC thermograms,
measured at a temperature range of —40 to 100 °C for both
the pure 1 M MW PEO matrix and for the ASPE2 composition
that is representative of all ASPE compositions measured in the
same temperature range. The polymer matrix exhibits a
melting peak at ~67 °C, which is consistent with literature
values of a high-molecular-weight PEO melting transition.””
The representative ASPE thermogram shows no melting or
recrystallization peaks, confirming that the PEO component in
the ASPE mixture is fully amorphous, which is the preferred
morphology for ion conduction. The classic conduction model
for PEO electrolytes is the forming and breaking of
coordination bonds between EO and Li" in the amorphous
fraction of the polymer where chains can be mobile.*® It is well
understood in the ethylene oxide-containing polymer—ion
transport literature that there is a maximum in electrolyte ionic
conductivity as a function of relative salt molar concentration
(Li*/EOQ).>”** Consequentially, there is a trade-off between
increasing charge carriers and increasing T, through higher salt
content as a result of associations between the polymer and
salt.**~*° This maximum in ionic conductivity is often found to
be at a lower salt concentration (Li*/EO = 0.08 for LiTFSI in
PEO)* and is the driving motivation for characterizing the T,
values of these ASPEs that have a relatively high Li*/EO =
0.44. One could expect to see lower T, values as water content,
which has a strong plasticizer, is increased. To measure the T,
values of ASPEs, the temperature range was adjusted to scan
colder than —40 °C, and the T, value was taken as the onset
temperature at which the slope of the thermogram changes.
DSC scans for all ASPE compositions from —100 to 20 °C are
shown in Figure 1. All ASPE compositions show a T, value
between —82 and —86 °C, indicated by red arrows. The fact
that the T, value for the ASPE system is approximately —85 °C

-85.85C ASPE 1
— | -85.11cC
& ASPE 2
s
3 N
o
w -81.56 C ASPE 3
©
£ \ 5 Wig

-84.90 C ASPE 4
Exo Up
T T T T T T T 1
-100 -80 -60 -40 20 0 20

Temperature (C)

Figure 1. DSC thermograms of ASPE1—ASPE4 depicted on the same
plot with a vertical offset of 0.5 W/g. All ASPE compositions show a
T, value in the temperature range of —82 to —86 °C. Glass-transition
temperatures are indicated by each plot with a red arrow and
temperature value.
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shows the tremendous impact that water has as a plasticizer in
this system. For context, PEO + LiTFSI salt mixtures with a
Li*/EO mole ratio of 0.44, the ratio used for ASPE1—ASPE4,
exhibit a T, value of 15 °C,* and high-molecular-weight PEO
with no salt exhibits a T, value of —67 °C.*' It is evident that
the inclusion of water in the electrolyte suppresses crystallinity
and decreases T, past what is observed for neat PEO, even in
the presence of high lithium salt content. It is unclear how
much water is needed to have this plasticization effect as the T,
values for ASPE1—ASPE4 are not appreciably different as the
molar component of water changes from 1.36 to 0.76 in 0.2
decrements. Despite their amorphous nature, ASPEs behave
mechanically as elastomeric solids with no wetness or leakage,
shown in Figure S3 with a stress—strain relationship measured
in tension and a picture of a stretched ASPE membrane.

The benefit of ASPE1—ASPE4 being amorphous is clearly
seen in the ionic conductivities of the electrolytes. The room-
temperature conductivity values for ASPE1—ASPE4, as
measured by electrochemical impedance spectroscopy (EIS),
are shown in Table 1 and are on the order of 107 S/cm.
Conductivity values for ASPE1 and ASPE4 are plotted as a
function of inverse temperature (over the range of 0 to 80 °C)
in Figure 2A. The compositions show a clear trend of
increasing conductivity with increasing water content, with
ASPE1 and ASPE4 compositions being notably conductive for
SPEs compared to their liquid analogues, tracking the
conductivity of AE1 and AE4. In the case of ASPE4/AE4,
the improved ionic conductivity of the solid variant is likely an
artifact from water absorption during sample fabrication and
transfer, leading to larger conductivity.”” Thus, we consider the
actual conductivity to be lower, with the values reported in
Figure 2A for ASPE1 and ASPE4, establishing an upper bound.
The lack of phase transitions evident in Figure S2 shows that
the polymer matrix is fully amorphous due to plasticization by
LiTFSI and water in the full compositional range investigated
here. The conduction mechanism of PEO transport of Li
commonly results in electrolytes with conductivity values on
the order of 107® S/cm in a semicrystalline system and values
on the order of 10™* S/cm in a fully amorphous system at
elevated temperature past the melting point of the polymer
matrix (~67 °C). Fast ion transport in SPEs is a characteristic
of the amorphous phase and is attributed to the inhibition of
crystallization in the polymer matrix. Considering that the
conductivity values of the ASPE system are a full order of
magnitude higher than those of typical amorphous PEO
electrolytes that have been plasticized with ionic additives at
higher temperatures, it is likely that water plays an important
role in the Li* transport mechanism. The disproportionation of
Li" solvation into water-rich and anion-rich domains has been
shown to occur in WiSE systems*” and leads to Li*(H,0),
vehicular motion through Li*(H,0), domains. The suggested
dominant conduction mechanism of the pWiSEs investigated
here is water-assisted vehicular transport, which is bolstered by
the water concentration dependence of the conductivity
results. The Li" solvation environment is further discussed in
the MD simulation section below.

To further elucidate the transport properties of this ASPE
system, NMR measurements were taken. Diffusion coeflicients
for fluorine (salt anion) and lithium (salt cation) are shown in
Figure 2B as a function of temperature for ASPE1 and ASPE4.
This data set was collected from samples that were prepared in
an ambient atmosphere using a method for packing NMR
tubes that involved rolling samples in parafilm. This
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Figure 2. (A) Conductivity of solid and liquid pWiSE hybrid electrolytes from MD simulations and experiments. (B) pfg-NMR measured diffusion
coeflicients for the cation and anion in solid ASPE1 and ASPE4 expressed as a function of temperature. ASPE1 corresponds to the lowest value of

Li/water, while ASPE4 corresponds to the highest value.

preparation method is illustrated in Figure S4 and resulted in
preparation times of less than 5 min. These samples could not
be used to measure proton diffusion (water) as there was too
much background signal from parafilm. Numerical values for
Li* and TFSI™ diffusion coefficients are shown in Tables S1
and S2, respectively. A second sample set was prepared without
parafilm packing so that proton diffusion coefficients could be
measured. However, these samples took longer to prepare
(~20 min) and likely absorbed ambient water during
preparation (Figure SS). This difference in sample exposure
to an ambient atmosphere made a difference in the results
collected as the set of samples that was exposed to the
atmosphere for longer time demonstrated higher diffusion
coeficients for each species measured, likely due to water
absorption. The other sample set (Figure 2B) has the added
benefit of diffusion measurements for a range of temperatures
while also being closer to intended sample compositions with
less atmosphere exposure time.

The diffusion coefficients in Figure 2B are consequential on
several counts. First, the room-temperature diffusion coef-
ficients are an order of magnitude higher than those typically
observed in more dilute (but water-free) PEO—salt complexes
at temperatures above the melting point of PEO (~60 °C).”
This is consistent with the high values of ionic conductivity
from Figure 2A. Second, the cation diffusion coefhicient
exceeds that of the anion, which is counter to “classical” salt-
in-polymer PEO complexes and to many PEO/salt/plasticizer
systems.””*® In the latter case, the polyether segments
preferentially solvate the cations. This leads to anions being
largely unhindered by coordinating species, resulting in higher
diffusion coefficients relative to Li*, and hence cation
transference numbers of ~0.2 to 0.3.”” From the NMR
measurements, it is possible to obtain a related cation transport
number via eq 1

+_ D,
D, + D_ (1)

Those values calculated from the first NMR data set are
listed in Table 1. It is important to note that the transport
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number is a less meaningful quantity than the electrochemical
transference number in the presence of significant ion pairing.
Additionally, the ionic conductivity can also be calculated
using the diffusion coefficients measured by NMR via the
Nernst—Einstein equation (NE) (eq 2)

F[C]
ONMR = RT (D, + D) @)

Room-temperature conductivity measurements calculated by
NE exceed those measured with EIS by up to a factor of two,
indicating the presence of ion association. However, even very
highly ion-associated electrolyte systems tend to show
approximately equal cation and anion diffusivities** and
classical PEO salt complexes always exhibit D(Li") <
D(TESI™).*”*" This suggests that the preferential cation
transport exhibited in this system with D(Li*) > D(TFSI")
is largely due to the presence of water, even for a wide range of
Li/water mole ratios. This further supports the claim that the
dominant ion transport mechanism is preferential water-
assisted vehicular transport, where water occupies most of
the solvation shell of Li*.** Conductivity calculated using eq 2
as a function of temperature for the NMR sample set with the
least amount of air exposure is shown in Figure S6, with linear
regression fitting results listed in Table S3. Unfortunately, the
presence of water in the electrolytes prohibits electrochemical
transference number measurements with Li electrodes by the
Bruce—Vincent method, but the NMR results clearly indicate
preferential cation transport.

Furthermore, these water-containing electrolytes do show
impressive reductive stability, with cyclic voltammetry of AE1
and AE4 in Figure S7 measuring reductive stabilities of ~1.9
and ~1.5 V versus Li/Li*, respectively. Figure S8 shows
galvanostatic cycling of an LTO/ASPE2/LMO battery
configuration over 280 cycles at room temperature. The
electrodes used for galvanostatic cycling in these samples were
not optimized for use with a solid ASPE, but the data do show
in principle lithiation and delithiation with the challenging
LTO/LMO electrode couple, which is im)possible for the
WiSE® and even water-in-bisalt electrolytes.”
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The impressive properties of the pWiSE hybrid electrolytes,
along with trends in DSC, EIS, and NMR all pointing to water-
assisted vehicular transport as the dominant ion transport
mechanism, warranted additional molecular scale insight into
the structure and transport mechanism. Molecular dynamics
(MD) simulations were performed on liquid AE1 and AE4
pWIiSEs and contrasted with the behavior of water-free highly
concentrated PEO-LiTFSI (EO/Li = 6.4) and 21 m LiTESI in
the H,O WiSE. Analysis of the Li" cation solvation
environment via radial distribution functions (RDFs) is
shown in Figure 3A,B, indicating a strong preference for Li*
to be coordinated by water oxygens (Oy) followed by ether
oxygens (EO) of PEO compared to TFSI™ for both AE1 and
AE4. This is consistent with a high degree of LiTFSI
dissociation in water and to a lesser degree in PEO when
sufficient numbers of solvating EO or water are available.*”*
In the highly concentrated electrolyte AE4, the preference for
EO versus O(TFSI) becomes less pronounced because the
total number of solvent solvating sites from PEO and water
combined drops below 4—5 that are needed to complete the
first Li* solvation shell; thus, nearly all EO from PEO and
water participate in the Li* solvation.

Based upon Li—O RDFs, we define the first solvation shell
to be 2.8 A near the location of the first minima. The running
coordination numbers shown in Figure 3A,B indicate that the
Li* cation is primarily coordinated by water (2.3 waters per Li)
for AE1 with 1.25 of EO and 0.87 of O(TFSI~). When water
concentration decreases and salt increases (AE1 — AE4), there
is not enough water in AE4 (O,,/Li = 1.177) to complete the
Li* solvation shell. This leads to a switch from the water-
dominated solvation in AE1 to PEO-dominated solvation. At
AE4 composition, 93% of all available water and 80% of all EO

2886

are bound to Li*. There is little free solvent in AE4, which
helps in extension of electrochemical stability. Due to lack of
water and EO for Li* solvation as salt concentration increases
from AE1 to AE4, the number of O(TFSI) around Li* doubles
from 0.95 for AE1 to 1.95 for AE4, resulting in a strong contact
ion pair (CIP) and aggregate (AGG) formation in AE4. Yet,
Figure 3C shows that 58 and 28% of Li* do not have any
O(TESI) in its first coordination shell for AE1 and AE4,
respectively, indicating that even in these highly concentrated
electrolytes, a substantial fraction of the solvent-separated Li"
cations coexists with Li* that is mostly coordinated by 4 or 5
O(TESI) and resides within the anion network as was
previously noted for the WiSE (21 m LiTFSI in H,O,
(H,0),,LiTESI).** The LiTFSI salt dissociation (n(O-pg;) =
0) decreases in the order of AE1 > PEO-LiTFSI > WiSE >
AE4. In these four electrolytes, there is no clear correlation
between the number of water or EO and a fraction of free Li".
However, there seems to be a good correlation between a
fraction of free Li* and H,0 + 1/2 EO available in our
electrolytes, as shown in Figure S9. This correlation suggests
that in the solvent-deficient regime that we are exploring, the
EO solvating groups are about half as strong/good as water in
competing with O(TFSI) and excluding it from the Li* first
solvation shell. This conclusion is in line with the order of the
magnitude of the Li—O(TFSI) RDF first peak being about 1/2
to 1/3 of the magnitude of Li—O,, RDF (see Figure 3A,B).
Further analysis of solvates is shown in Figure 3D. The
solvent-separated solvates dominate AEl, with Li*(H,0),
solvation being the most probable followed by Li*(EO)(H,0);
and Li*(EO),(H,0),, which is consistent with high fraction
(60%) of solvates without any O(TFSI) shown in Figure 3C
and is expected to lead to high conductivity. At higher salt
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simulations and from pfg-NMR for ASPE1 (C) and ASPE4 (D).

concentration AE4, while the solvent-separated solvates
Li*(EO); and Li*(H,0), are still most probable, their
contribution is much smaller and a wide distribution of
solvates with Li—O(TFSI) bonds is present (see Figure 3D).
The spatial 3D distribution of the water-rich domain is shown
in Figure 3E,F. In the AE1 electrolyte, the Li*(H,0), domain
percolates through the whole box, suggesting that sufficient
avenues are available for the solvent-separated small Li*(H,0),
to dominate ionic transport over Li* transport with and along
the PEO segments and by solvent exchange. The Li*(H,0),
domains in AE4 are narrower, more tortuous, and not all
interconnected; thus, PEO relaxation is needed to open up
these domains and to participate in the Li" transport.
Moreover, high fraction of the LiTFSI AGG formation in
AE4 is expected to contribute to the Li" transport through
exchange of anions or motion via the charged clusters,*® which
is expected to be less efficient than the Li*(H,0), transport in
the WiSE and AE1.

Changes in hydrogen bonding are examined via analysis of
the H,—O RDFs that show that the position of the first H,—
O, peak is the same as in pure water (see Figures S10—S12),
with the magnitude of the first peak increasing slightly from
water to AE1 and AE4. Despite similarity of H,—O,, RDFs,
decreasing water concentration (water > AE1 > AE4) results in
a decrease in the number of water hydrogen bonds per water
from ~1 in pure water to 0.4 in AE1 and less than 0.2 for AE4.
Thus, the water hydrogen-bond networks become less
extended with decreasing water concentration. The hydrogen
bonding of water hydrogen to O(TFSI) is similar as the first
peaks for H,—O,, and H,—O(TFSI) are similar. The second
peaks for H,—EO and H,—O(TFSI) RDFs are quite different
from H,—O,, because both PEO and TFSI™ are hydrogen-
bond acceptors but not donors.*”**
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Mean square displacements of Li* shown in Figure 4A
demonstrate that increasing PEO and decreasing water
concentration significantly extend the subdiffusive regime
from 0.1 ns in the WiSE to 100 ns. In AE1, the Li* solvation
is dominated by Li*(H,0), solvates that move through
interconnected domains (Figure 3E), and Li* motion becomes
diffusive rather fast (within 1 ns). In AE4, the Li* solvation is
dominated by PEO making it more coupled with the polymer
dynamics as Li" moves with the polymer segment, along the
polymer and by switching polymer segments and TFSI™
anions. Analysis of self-diffusion coefficients (see Figure
4B,D) indicates that water diffuses the fastest followed by
Li* and TFSI” in both AE1 and AE4 electrolytes, similar to
trends observed in the WiSE but opposite from PEO-LiTFSI,
where the Li* diffusion coefficient is much slower than TFSI~
for the salt-in-polymer regime D(anion) > D(Li). These results
corroborate both sets of NMR measurements taken for ASPE1
and ASPE4, which show D(H) > D(Li) > D(F) (Figure 2B
and Figures SS and S6). We attribute an increase in the Li*
diffusion to the formation of the Li*(H,0), nanodomain that
decouples Li" motion from PEO with a significant contribution
due to Li*(H,0), vehicular motion, especially in AE1 where
the Li*(H,0), domains percolate through the simulation box.
We find that conductivity calculated from MD simulations for
AELl is in excellent agreement with experiments, while AE4
conductivity in MD simulations is lower than in experiments,
as shown in Figure 2A. Part of the difference is due to
deficiencies of the force field in this highly concentrated
regime, while a small enhancement of conductivity due to
limited water uptake during sample transfer is also possible.
Nevertheless, the agreement is quite good compared to
simulations from other groups for DME/DOL-LIiTFSI that
predicted slower dynamics by multiple orders of magnitude in
the highly concentrated regime.*’
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Recent work brought attention to the large discrepancies
between ¢, extracted from NMR and impedance measurements
with suggestions that t,(NMR) dramatically overestimates f,
for highly concentrated electrolytes.””" To compare NMR
experimental results with MD simulations, we extracted ¢
following formalism suggested by Wohde et al.”* based upon
Onsager reciprocal relations combined with linear response
theory. The full matrix of charge displacements contributing to
charge flux (see (eq S4)) is decomposed into the contributions
from cation—cation, cation—anion, and anion—anion discussed
in the Supporting Information (eqs S1—S5). The transference
number under anion blocking conditions (t,) is defined using
two parameters @ and S, shown in eqs S5—S7. Unlike the
glyme-based solvate ionic liquids where t, < 0.1 for triglyme
(G3)/LiTFSI and tetraglyme (G4)/LiTFSI, we obtain t, in the
range of 0.4—0.5 for AE1—AE4 from MD simulations. Lower £,
values of 0.1—0.2 were reported under anion blocking
conditions from MD simulations of PEOQ-LiTESI at EQ/Li =
10 and 6.3.* Much higher values are observed for AE1 and
AE4 compared to PEO-LiTFSI and glyme-based solvate ionic
liquids because of weak anticorrelation parameter f being
around —0.4, while G4/LiTFSI solvate ionic liquid exhibited
much stronger anticorrelation with § = —0.9,°" PEO-LIiTFSI
showed f = —0.7.

B CONCLUSIONS

We have demonstrated a water-containing solid polymer
electrolyte (ASPE) system with high ionic conductivity and
preferential cationic transport (D(Li) > D(F)) measured by
EIS and NMR compared to D(Li) < D(anion) observed in
water-free PEO-LiTESI and ionic liquids.*”***** These
exceptional transport properties arise from the disproportio-
nation of the Li" solvation environment into mostly water and
nonwater solvates as described by MD simulations. The extent
to which a network of Li*(H,0), domains percolate through
the system affects the conductivity and the mechanism of Li*
transport compared to dry PEO-LiTESL**** with low-
molecular-weight liquid AEl having a more robust
Li*(H,0), domain network and a higher conductivity than
AE4, which has more tortuous Li*(H,0), domains.

B EXPERIMENTAL SECTION

Polymer Electrolyte Preparation. LiTFSI (LiN(SO,CF;),) was
purchased from BASF and dissolved in deionized water. Poly-
(ethylene oxide) (PEO, 10° M,) and poly(ethylene glycol) (PEG,
3350 M,) were purchased from Sigma-Aldrich. All aqueous solid
polymer electrolytes (ASPEs) were fabricated by a solvent-free hot-
pressing process shown in Figure S1. PEO, LiTFSI, and deionized
water were mixed with a mortar and pestle. The resulting mixture was
sealed in a fluoropolymer-lined aluminum pouch and hot-pressed with
a Carver press at 85 °C and 1.5 tones to form a thin-film ASPE
membrane. Four different compositions were fabricated and
characterized, keeping the molar ratio between ethylene oxide (EO)
units and LiTFSI the same while changing the amount of water. The
compositions of ASPE1—ASPE4 can be found in Table 1.
Electrochemical testing was performed using CR2032 coin cells.
ASPEs were handled in a normal laboratory atmosphere with care
taken to limit the exposure time both during processing and sample
making to minimize water content fluctuation. Liquid polymer
electrolytes, AE1 and AE4 (the same compositional molar amounts as
ASPE1 and ASPE4), were fabricated by mixing low-molecular-weight
PEG with LiTFSI and deionized water using a shear mixer. The ASPE
is used to designate a high-molecular-weight solid polymer electrolyte,
and the AE is used to designate a low-molecular-weight liquid
polymer electrolyte for MD simulations.

2888

Differential Scanning Calorimetry. Differential scanning
calorimetry (DSC) measurements were conducted on a TA
Instruments Q100 DSC. The ASPE samples were sealed in hermetic
aluminum pans in an ambient atmosphere shortly after being pressed;
the pure PEO samples were sealed in sample pans after drying at 60
°C for 48 h. All samples were measured by a heat/cool/heat method
to erase any thermal history in the temperature range from —40 to
100 °C and —100 to 20 °C at a 10 °C/min heating rate and a 10 °C/
min cooling rate.

Electrochemical Impedance Spectroscopy. Electrochemical
impedance spectroscopy (EIS) for the ASPEs was performed in a
stainless steel (SS)/ASPE/SS coin cell setup, with the inclusion of a
Teflon spacer to define the thickness and area of the ASPE at 0.025
cm and 0.126 cm?, respectively. The amount of electrolyte included in
a coin cell for impedance spectroscopy was empirically determined
such that the volume of the spacer was completely filled with slight
excess. The measurements were taken on a Solartron 1287A/1255B
platform with a frequency range from 1 MHz to 1 Hz. Measurements
were taken in 5 °C decrements from 80 to 0 °C. The cells were
annealed for 90 min at each temperature before measurements were
taken to ensure thermal equilibrium. Electrolytic conductivities of the
liquid polymer electrolytes were determined from impedance scans
from 20 Hz to 2 MHz with an amplitude of 20 mV using an Agilent
E4980A precision LCR meter. The conductivity cell was made of a
Pyrex cell body sealable with a ground glass stopper and calibrated at
0.0954 cm™" for its cell constant at 25 °C. During a measurement, the
temperature of the sample cell was ramped down from 80 to 0 °C at
0.1 °C/min in a Tenney Jr. environmental chamber while the
impedance was continuously scanned. Conductivities of the sample
were then evaluated at the intercepts of the complex impedance
curves with the real axis for the corresponding temperatures at which
the interceptions occurred.

Pulsed Field Gradient Nuclear Magnetic Resonance. All
pulsed field gradient nuclear magnetic resonance (NMR) samples
were packed into 5 mm tubes in an ambient atmosphere, and the
tubes were then sealed to preserve the same relative humidity value in
which they were prepared. NMR experiments were performed by Dr.
Steven Greenbaum’s group at CUNY at 25 °C with a 300 MHz
Varian-S Direct Drive Wide Bore spectrometer equipped with a Doty
Scientific PFG probe (DS-1034, 1400 G/cm maximum gradient).
Single peaks were observed for 'H, '°F, and "Li resonances centered at
302.7, 280.5, and 117.3 MHz, respectively, corresponding to all
hydrogen-, lithium-, and fluorine-containing species, respectively. A
PFG-stimulated echo pulse sequence was used. Gradient pulse
durations (5) of 2 to 4 ms and diffusion delays (A) of 100 ms were
used. The gradient strength (g) was linearly increased with 32 value
steps from 1.7 up to 700 G/cm as needed. From each experiment, the
integrated intensities (S) as a function of applied gradient (g in T/
cm) were obtained. Subsequently, diffusion coefficients (D) were then
computed using least-squares fitting of the Stejskal—Tanner equation
(where 7 is the nuclear gyromagnetic ratio)>®

§ = Sye D) (A=(/3)

3)

Molecular Dynamics Simulation Methodology. Molecular
dynamics (MD) simulations were performed for PEO-LiTFSI (EO/Li
= 6.4), PEO-LIiTFSI-H,0 at two compositions AE1 (H,0/Li = 3.101;
EO/Li = 2.286) and AE4 (H,0O/Li = 1.177; EO/Li = 2.286), and 21
m LiTFSI. PEO chains composed of 64 repeat units. Compositions of
the simulation cells are given in Table S4. A many-body polarizable
APPLE&P force field was used. The force field parameters for the
LiTFSI, PEO-LiTFS], and LiTESI-H,0 were taken from previous
works.®**** The functional form of the force field is given
elsewhere.”® The initial configuration for AE1, AE4, and PEOg,-
LiTFSI was created by packing solvent and salt in a large box with
dimensions of ~100 to 150 A and reducing the box size to ~50 A
over 2—5 ns at 500 K. After that, PEO 4-LiTFSI was equilibrated for
65 ns at 423 K before reducing temperature to 363 K. Equilibration
and production runs are shown in Table SS. Two replicas (R1 and
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R2) with quite different initial solvation environments of Li* were
simulated for AE1 and AE4.

A multiple timestep integrator was employed with three timesteps:
inner, middle, and outer. An inner timestep was set to 0.5 fs for
integration of bonded interactions. A middle timestep of 1.5 fs was
used for all nonbonded interactions within a truncation distance of 7.0
A, and an outer timestep of 3.0 fs was used for all nonbonded
interactions between 7.0 A and the nonbonded truncation distances of
12 A for PEO-LiTFSI, 14 A for AE1 and AE4, and 16 A for 21 m
LiTFSI. The Ewald summation method was used for the electrostatic
interactions between permanent charges with other permanent
charges or induced dipole moments with k = 6 vectors. The
reciprocal part of Ewald was calculated every 3.0 fs. Induced dipoles
were found self-consistently with convergence criteria of 107°
(electron charge X A)?
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