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The rapid growth in demand for lithium-ion batteries that can deliver more energy and power has generated
concerns over safety. Aqueous electrolytes are a strong candidate to alleviate this apprehension, however their
ability to overcome the “cathodic challenge” is limited due to anion-dominated passivation at the anode. In this
work, the recently developed “hybrid aqueous/nonaqueous” electrolyte (HANE) strategy was employed to tune
the degree of passivation at the anode in solid polymer electrolytes (SPEs) by using various ionic liquids as the
nonaqueous component. Whereas common HANE systems sacrifice ionic conductivity to create a more robust
passivation layer at the cathodic limit, the “hybrid aqueous/ionic liquid” SPEs (HAILSPEs) investigated in this
work do not. Two HAILSPE systems (H1, H2.5) were fabricated from a blend of polyacrylonitrile (PAN), water,
lithium bis(trifluoromethylsulfonyl)imide (LiTFSI), and either triethylsulfonium-TFSI (Sy22) or N-methyl-N-
propylpyrrolidinium-TFSI (Pyry 3). These HAILSPE systems demonstrated a remarkable improvement in trans-
port properties compared to their predecessors, achieving room temperature ionic conductivities of up to 5.39
mS/cm. A reduction in apparent activation energy and nearly complete decoupling of ionic transport from
polymer chain mobility were found to contribute to this increase. Stable and complete growth of a passivating
layer at 2 V vs. Li/Li" was also observed, which was tuned by changing the ionic liquid. The work presented here
provides a potential route for overcoming the “cathodic challenge” in aqueous SPEs.

(SPEs) have garnered attraction because they are generally nonflam-
mable and address several battery failure modes, including leaking,

1. Introduction

More than 30 years after the production of the first commercial
lithium-ion battery (LIB), they have become a ubiquitous part of
everyday life; from portable electronics and electric vehicles to aero-
space and largescale grid storage applications [1-4]. Despite decades of
research and progress, the demand for systems with higher energy
densities, higher voltage outputs, greater rate capabilities, and lower
cost is outpacing the discovery of new battery chemistries [5-9]. As a
result, concerns for safety have become widespread following
high-profile failures [10]. In response, a growing field of research
investigating safer alternatives to replace the flammable and often
electrochemically unstable organic liquid electrolytes used in commer-
cial LIBs has bloomed [11-13]. To this end, solid polymer electrolytes
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overcharging, and elevated temperatures [14]. However, the ionic
conductivity and cation transport number of SPEs are generally limited
(107*—107%5/cm, <0.4) due to polymer crystallinity in traditional poly
(ethylene oxide) (PEO) based systems [15-17].

Efforts to compensate for the poor performance of SPEs have focused
on introducing plasticizers such as ceramic particles, ionic liquids, and
water into electrolyte systems [18-21]. Plasticizers allow for less
restricted diffusion of lithium ions (Lit) by suppressing crystallinity
through disruption of inter- and intra-molecular forces and expansion of
the free-volume between polymer chains. In aqueous SPE (ASPE) sys-
tems, it has been shown that even a small amount of water acts as a
strong plasticizer and unlocks an alternative pathway for ionic
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conduction that significantly improves the transport of Li* [20]. Based
on the “water-in-salt” electrolyte (WiSE) developed by Suo and co-
authors in 2015, these ASPEs demonstrated a large degree of decoupling
between ionic transport and polymer chain mobility, evident from high
room temperature ionic conductivities up to 1.75 mS/cm and
lithium-ion dominated transport (Dy+ > Dypg-) with lithium-ion trans-
port numbers (&;+) of ~ 0.65. Despite the favorable transport properties
observed in the ASPE systems, the benefit of anion-derived passivation
and solid electrolyte interphase (SEI) formation in superconcentrated
systems was not fully realized. As observed in the WiSE, expansion of the
ASPE cathodic limit was minimal due to the repulsion of bis(tri-
fluoromethylsulfonyl)imide anions (TFSI") by negatively polarized
anode surfaces. This “cathodic challenge” makes it difficult for TFSI™ to
reduce and contribute to SEI formation [22]. For this reason, increasing
the lithium salt concentration also proves to be ineffective at expanding
the cathodic limit [23].

Recently, a new class of “hybrid aqueous/nonaqueous” electrolyte
(HANE) has been reported by several groups [24-26]. HANEs utilize an
additional nonaqueous - often organic — component to assist in inter-
phase formation and extend stability. This results in a system that
combines the nonflammability, non-toxicity, and relatively fast trans-
port properties of aqueous electrolytes with robust SEI formation at the
anode due to both TFSI™ and nonaqueous solvent reduction. For Wang
and coauthors, this strategy resulted in further reduction of the cathodic
limit from 1.9 V vs. Li/Li" in their previous WiSE system to 1.0 V vs.
Li/Li" in their HANE system [24,27]. Although the HANE displayed
improved stability through the inclusion of dimethyl carbonate, the
ionic conductivity was reduced by nearly half. To this end, we report
here a new class of SPE system inspired by the HANE strategy that
demonstrates tunable stability without sacrificing transport properties.
In lieu of organic solvents, ionic liquids were used to create “hybrid
aqueous/ionic liquid” SPEs (HAILSPEs). The inclusion of ionic liquids
aided in the nearly complete decoupling of ionic transport and polymer
chain mobility, with electrolytes exhibiting room temperature ionic
conductivity values >2.31 mS/cm. This improvement from the prior
ASPE systems was found to be due to a reduction in the apparent acti-
vation energy of the systems to <0.30 eV. This has significant implica-
tions, as even a modest 10% decrease in activation energy can
drastically increase ionic conductivity by more than 300% at a given
temperature. The HAILSPEs were found to have activation energies
comparable to those of liquid electrolytes such as the WiSE (0.286 eV) or
the HANE (0.228 eV) and demonstrated improved transport of Li' in
some compositions which increased t;;+ to 0.75. These improvements in
transport properties were found to be primarily caused by minor
changes in electrolyte composition rather than the choice between
triethylsulfonium-TFSI (Sz,2,2) or N-methyl-N-propylpyrrolidinium-TFSI
(Pyr,3) as the ionic liquid. However, the propensity to form a protective
interphase at the anode was found to be highly dependent on choice of
ionic liquid chemistry, with Sy 2 2 electrolytes offering better protection
against HyO reduction than their Pyr; 3 analogs. Nevertheless, the
HAILSPE systems investigated here all showed SEI growth that culmi-
nated in complete surface coverage within the first 5 cycles. This
approach provides inspiration to develop strategies for tuning passiv-
ation without sacrificing transport properties by modifying the chem-
istry of the ionic liquid cation.

2. Experimental
2.1. Materials

Polyacrylonitrile powder (PAN, M,, = 230,000 Da) was purchased
from Goodfellow Corporation. Sp2» and lithium-TFSI (LiTFSI) were
purchased from Sigma Aldrich. Pyr; 3 was purchased from Solvionic.
These materials were stored inside a desiccator in a dry environment
under vacuum when not in use. 304 stainless steel CR2032 coin cell
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parts (cases, spacers, wave springs), heat-sealable laminated aluminum
pouch film, and 201 nickel ribbon were purchased from MTI Corpora-
tion. Polytetrafluoroethylene (PTFE) film (t = 0.25 mm) was purchased
from McMaster-Carr. Titanium foil (t = 0.025 mm) was purchased from
Goodfellow Corporation. Lithium iron phosphate (LFP) electrode sheets
(32.5 x 92.5 mm) on aluminum were obtained from Electrodes and
More. Graphite electrode sheets on copper were obtained from Argonne
National Laboratory. Separator material was obtained from Asahi Kasei.
LP57 electrolyte (1 M LiPFg in 3:7 v/v EC:EMC) was obtained from
Gotion. These materials were stored and handled in a humidity-
controlled dry room (relative humidity <1%) or glovebox (MBRAUN)
with an argon atmosphere.

2.2. HAILSPE preparation

HAILSPEs were prepared via a solvent-free hot-pressing process.
First, PAN, deionized H0, ionic liquid (Sa2,2/Pyr1,3), and LiTFSI were
mixed in the appropriate amounts using a mortar and pestle. The
resulting solid mixture was heat-sealed between two sheets of PTFE
inside a laminated aluminum pouch to prevent changes in the water
content of the electrolyte. The pouch was then pressed at ~130 °C,
above the glass transition temperature (T;) of PAN, for 1 min with a
force of 1 metric ton using a Carver press, resulting in a homogeneous
film with thickness of 100—200 pm, depending on the composition.
These films were further processed for specific experiments, outlined
below.

2.3. Electrochemical characterization

2.3.1. Electrochemical impedance spectroscopy

Impedance measurements were performed on a Solartron 1287A/
1255B platform. HAILSPEs were placed in a symmetrical coin cell using
304 stainless steel blocking electrodes then annealed at 60 °C for 24 h. A
0.25 mm thick PTFE spacer with a 4 mm inner diameter was used to
create a clean, well-defined area of contact between the two blocking
electrodes. Electrochemical impedance spectroscopy (EIS) was
measured from 1 MHz to 1 Hz with a 10 mV amplitude over a range of
temperatures from 0 °C to 80 °C in increments of 5 °C, including a one-
hour dwell time between each temperature to allow the electrolyte to
equilibrate. The samples were made using an empirically determined
amount of electrolyte that best fills the volume defined by the PTFE
spacer, outlined in a previous work [19]. Following measurement, all
data were analyzed using a specific error model and linear regression
outlined in the Supplemental Information.

2.3.2. Ly sFP reference/counter electrode preparation

Due to the constraints of SPEs that limit compatibility with standard
reference electrodes in three-electrode configurations, a suitable refer-
ence/counter electrode material for two-electrode voltammetry experi-
ments was developed. A porous LFP was chosen because of its wide
voltage stability and high surface area that make it both a good reference
and counter electrode material. To ensure the stability of the reference
electrode’s voltage during voltammetry, where it will experience
changing degrees of lithiation, the LFP was charged to precisely one-half
of its discharge capacity. At this point, which lies directly in the middle
of the voltage plateau, a perturbation in the state of charge — in either
direction — will have a minimized effect on the voltage.

To prepare half-charged LFP (L sFP), pouch cells were constructed
with LFP/separator/graphite and filled with enough LP57 electrolyte to
fully wet the separator. Prior to assembly, the LFP and graphite elec-
trodes were tabbed with nickel ribbon using a Sonobond ultrasonic
metal spot welder, then allowed to dry in a vacuum oven at 100 °C for 24
h. The pouch cells were vacuum sealed (30 s, -30 psig) after filling. A
Maccor 4000-series was used to complete a two-step process: the pouch
cell was first cycled at 1C from 2.7 to 3.8 V for two cycles to find the
discharge capacity (DCy), and then fully charged and discharged at C/5
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from 2.7 to 3.8 V before finally charging again at C/5 to DCy/2 (Fig. S2).
Following the half-charging procedure, the LosFP was extracted,
washed thoroughly with dry dimethyl carbonate to remove any
remaining electrolyte, and then allowed to dry in a vacuum oven at 100
°C for 24 h.

2.3.3. Linear sweep voltammetry and cyclic voltammetry

Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) were
performed on a Solartron 1287A/1255B platform. Ly sFP/HAILSPE/Ti
coin cells were constructed and then annealed at 60 °C for 24 h. A 0.25
mm thick PTFE spacer with a 6.35 mm inner diameter was used to create
a clean, well-defined area of contact between the Ly sFP and Ti working
electrode. The coin cells were equilibrated at 25 °C for one hour prior to
measurement and then swept at a scan rate of 0.5 mV/s. For LSV, the cell
was swept from the open circuit voltage (OCV) to arbitrarily high and
low potentials; either 6.425 V vs. Li/Li" (3 V vs. reference, oxidative) or
-0.575 V vs. Li/Li* (-4 V vs. reference, reductive). In the analogous
oxidative CV measurement, the cell was swept from the OCV to 5 V vs.
Li/Li™ (1.575 V vs. reference) and then back to 3.425 V vs. Li/Lit (0 V
vs. reference) for one cycle, for at least five total cycles. In the analogous
reductive CV measurement, the cell was swept from the OCV to 1.925 V
vs. Li/Li" (-1.50 V vs. reference) and then back to 3.425 V vs. Li/Li" (OV
vs. reference) for one cycle, for at least five total cycles. The measured
current response was converted to a current density by dividing by the
area of the PTFE spacer (31.67 mm>?).

2.4. Material characterization

2.4.1. Thermogravimetric analysis

The water content of all electrolytes was determined via thermog-
ravimetric analysis (TGA) using a Shimadzu TGA-50 with a TA-60WS
interface and FC-60A flow controller. Samples were prepared by
loading 15—25 mg of electrolyte in an alumina crucible. Samples were
heated at a rate of 10 °C/min from room temperature to 150 °C, then
held isothermally for 45 min. A flowrate of 50 mL/min of high purity
nitrogen gas (Airgas, Inc.) was used. The instrument’s accompanying
software was used to calculate the percent mass lost by taking the dif-
ference between the initial (¢t = 0 min) and equilibrated (¢ > 55 min)
sample mass. The mass loss was attributed entirely to water in the sys-
tem since LiTFSI, Sy5 ., and Pyr; 3 have no vapor pressure and the
degradation temperature of PAN is >150 °C. The relative amount of
water absorbed during electrolyte processing and handling was calcu-
lated by
ﬁ (53.06Npay + 18.02Ny1,0 + MWy Ny, +287.10N 7757

18.02Np,0
"1 — (x/100)

Mi1,0.absorbed =

(€Y

where x is the percent mass loss measured from TGA, MWy, is the molar
mass of the respective ionic liquid (Sg22TFSI/Pyr; sTFSI), and Npan,
Ni,0, N, and Nprrsr are the designated molar amounts of PAN, HO,
ionic liquid, and LiTFSI for the composition. The final relative amount of
water in the electrolyte was calculated by

M, 0 absorbed @

NH:OJ(JI(I] = NHZO + 18.02

This final water content accurately describes all the electrolytes,
including those measured with EIS, DSC, LSV, and CV since all samples
and cells were constructed at the same time and contain the same
amount of water after absorption.

2.4.2. Differential scanning calorimetry

Modulated differential scanning calorimetry (mDSC) was performed
on a TA Instruments Q2500 differential scanning calorimeter. Samples
were prepared by hermetically sealing 10—15 mg of electrolyte in an
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aluminum pan. Samples were cooled from room temperature to -70 °C,
allowed to equilibrate, then heated to 110 °C at a rate of 3 °C/min with a
+1 °C/min modulation. A flowrate of 50 mL/min of high purity nitrogen
gas (Airgas, Inc.) was used. The reversible heat flow data and any
calculated transitions were exported from the accompanying TRIOS
software.

2.4.3. Pulsed-field gradient nuclear magnetic resonance (pfg-NMR)

All electrolytes were opened and packed into NMR tubes (5 x 180
mm), following the procedure outlined in Fig. S3, on the same day
within a limited amount of time to ensure exposure to a constant
ambient atmosphere. The NMR tubes were subsequently sealed to pre-
serve the atmosphere in which they were prepared, preventing any flux
of water into or out of the tube. The diffusion coefficients for TFSI~ (*°F)
and Lit ("Li) were measured on a 300 MHz Varian-S Direct Drive Wide
Bore Nuclear Magnetic Resonance (NMR) spectrometer operating at a
magnetic field of 7 T (*°F and "Li Larmor frequencies of 284.4 and 117
MHz, respectively) equipped with a Doty Scientific Z-spec pulsed-field
gradient probe (DS-1034). The diffusion coefficients for H,O and IL*
(1H) were also measured on a 300 MHz NMR spectrometer (lH Larmor
frequency of 300 MHz) for the two “H2.5” electrolytes. The diffusion
coefficients for H,O and IL" (*H) in the two “H1” electrolytes were
measured on a 400 MHz Bruker NMR spectrometer operating at 9.39 T
(*H Larmor frequency of 401 MHz). The signal was accumulated over 16
transients with an optimized recycling delay of 2—3.5 s in the Varian
spectrometer and 2—3 s in the Bruker spectrometer. The diffusion co-
efficients were measured at room temperature (25 °C) by using a
spinecho pulse sequence. The gradient strength, G, was varied in the
range of 3—841 G/cm (Varian) and 0.5—50 G/cm (Bruker) for 16 in-
crements. The diffusion time, A, and the diffusion pulse length, §, were
set to 10—100 ms and 2—3 ms, respectively, for the Varian spectrom-
eter, and 600—900 ms and 8—12 ms, respectively, for the Bruker
spectrometer. From each experiment, the integrated signal strength, S,
as a function of the applied gradient was obtained, and the diffusion
coefficients, D, were calculated by using least-squares monoexponential
(19F, 7Li) or biexponential @3 fitting of the Stejskal-Tanner equation,
given by

5= Soep " (=-() 3)

where S is the signal strength without a diffusion gradient pair and y is
the nuclear gyromagnetic ratio of the corresponding nucleus (Fig. S4)
[20,28].

3. Results and discussion

In this study, four HAILSPE systems were fabricated and character-
ized: two different compositions HAILSPE-1 and HAILSPE-2.5 (H1 and
H2.5), each with two different ionic liquids Sy 22 and Pyr; 3. H1 and
H2.5 differ only by the amount of ionic liquid; H1 contains 1 part ionic
liquid whereas H2.5 contains 2.5 parts ionic liquid, when compared to
the other components. The electrolytes follow the nomenclature of first
identifying the ionic liquid used and then identifying the composition
that describes the molar ratio of each component (e.g., “Sy 22 H1").
Fig. S1 gives the molecular structure, atomic mass, and van der Waals
volume for the TFSI anion and each of the ionic liquid cations used in the
HAILSPE systems, as well as several optical images of the electrolytes.
The relative final compositions of the electrolytes are given in Tables 1
and 2 for different experimental measurements as molar ratios of each of
the components; 6.14 parts PAN, 14.96—29.34 parts H,0, 1 or 2.5 parts
ionic liquid, and 6.93 parts LiTFSIL The relative molar ratio of PAN is of
the repeat unit which allows the analyses presented to be independent of
polymer molecular weight, offering better insight into the effect of water
and ionic liquid on electrolyte properties.

PAN was selected because its strong oxidative stability circumvents
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Table 1
Summary of the properties determined from EIS and Arrhenius regression for the four HAILSPE systems investigated. The compositions of the electrolyte are provided
and represent molar ratios.

PAN H,0 IL LiTFSI 625-c mS cm ™! InA Eq kJ mol ! E, eV R?

S3,2,2 H1 6.14 14.96 1 6.93 2.31 5.79 29.60 0.307 0.9889
Pyry,3 H1 6.14 24.44 1 6.93 4.55 6.30 29.12 0.302 0.9939
S2,22 H2.5 6.14 29.09 2.5 6.93 5.01 4.11 23.45 0.243 0.9926
Pyr; 3 H2.5 6.14 29.34 2.5 6.93 5.39 6.14 28.20 0.292 0.9938

the thermodynamic instability at 4 V vs. Li/Li* commonly seen in PEO-

based SPEs, which is due to the oxidation of the electron-rich ether o | o

oxygens [13,29]. Furthermore, nitrile-functional polymers like PAN are o+ EZZZ EZZZ ‘ """"""""""""""""""""" ]

excellent Lewis bases that can coordinate to and solvate Li* and = E?ZZZMH\ R

PAN-based SPEs have shown enhanced anodic limits ~ 5.5 V vs Li/Li" I L e — Eiau: S

[30-32]. The molecular weight of PAN (M,, = 230,000 Da) was chosen % Temperature / °C Temperature /°C 4

to be as high as commercially available to ensure solid-like properties in (TR 3 ]

the HAILSPE compositions that can contain varying degrees of water ®

and ionic liquid. TFSI™ was chosen as the anion for both the lithium salt :?:, T ]

and ionic liquids for its chemical and thermal stability, ease of dissoci- 2

ation, and ability to contribute to LiF formation in the SEI [27,33-35]. % T ]

S3 5.2 was chosen as a cation of interest based on our previous work on a o

nonaqueous ionic liquid SPE (ILSPE), which showed that inclusion of Sy, 2 [ Pyr, 3 H2.5 ]

2,2 and LiTFSI in a PEO matrix established the propensity to improve x __—Sz,zé H2.5 028 W/QI_

ionic conductivity by plasticizing the polymer network to reduce crys- '_zy”ﬁ :1

tallinity [19]. CV, lithium metal stripping and plating, and galvanostatic R : : : : :

cycling measurements also indicated strong passivating behavior and -75 50 -25 0 25 50 75 100 125

interfacial stability at low voltages. Pyr{ 3 was chosen as an additional
cation of interest because it has been extensively shown to reduce to
stable products, such as LigN, and contribute to LiF production in the SEI
when paired with TFSI™ in lithiated systems [36-40].

3.1. Differential scanning calorimetry

For traditional lithium-ion SPEs that use semicrystalline PEO, it is
widely accepted that the primary ionic transport mechanism is coordi-
nation and subdiffusive motion of Li" along the polymer chain back-
bone, together with intersegmental hopping between polymer chains
[41]. Therefore, if appreciable transport of Li" relies on segmental chain
motion, a clear design goal for semicrystalline matrices is to improve
ionic conductivity by suppressing crystallinity, thereby enhancing
polymer chain mobility which facilitates ionic transport [42,43]. PAN’s
relatively high T, ~ 120 °C (Fig. S5A), the crossover temperature where
polymer chains gain mobility, and lack of crystallinity suggest that Li*
will exhibit ionic transport independent of polymer chain mobility. In
fact, several studies suggest a nearly complete decoupling and establish
a hierarchy of interactions for Li* that contribute to ionic conductivity:
(1) movement of free Li* within the PAN matrix > (2) movement of Li"
associated with plasticizer molecules > (3) movement of Li" due to
coupling with PAN and segmental motion [44-46].

Along with the rational choice of PAN as the polymer matrix of in-
terest, the compositions of the HAILSPE systems were carefully selected
based on a posteriori knowledge of previous systems. Water concentra-
tion was allowed to range between 30—70 mol% since water is bene-
ficial for transport properties but can be deleterious for electrochemical
stability. LiTFSI was limited to a range of <30% mol% because it is a
helpful plasticizer but can aggregate at high concentrations and nega-
tively impact ionic conductivity. Ultimately, the systems were designed
around a balance of solids (PAN, LiTFSI) and liquids (water, Sy 22/
Pyr; 3) to maintain a homogeneous and robust SPE.

The thermal properties of the four electrolytes were investigated via
mDSC; their thermograms are given in Fig. 1. The compositions of the
electrolytes used for mDSC analysis, after measuring final water content
via TGA, are given in Table 1. mDSC was chosen over traditional DSC
because of its increased accuracy and precision for measuring weak
transitions or measuring multiple transitions occurring simultaneously

Temperature / °C

Fig. 1. mDSC thermograms (offset, exotherm up) in the heating direction over
the range of -70 °C—110 °C for the four HAILSPE systems studied. The inset
plots provide zoomed-in views of the (left) S, H2.5 and (right) Pyr; 5 H2.5
electrolytes. The Pyr; 3 H2.5 electrolyte shows a small, minimal melting tran-
sition at ~ -22.80 °C (0.725 J/g). A scalebar, representing 0.25 W/g, has been
provided. The compositions of these electrolytes are provided in Table 1.

[47]. Furthermore, mDSC allows for measurement of the heat capacity
and extraction of the reversible heat flow, which can better distinguish
thermal responses based on heat capacity related transitions, such as T,
or melting transition Tp,. As observed in Fig. 1, each electrolyte exhibits
a relatively flat thermal response, which indicates a suppression of
crystallinity for the system. Both H1 electrolytes and S, 5 o H2.5 show
zero crystallinity, while Pyr; 3 H2.5 exhibits a small T, at ~ -22.80 °C.
The enthalpy of this transition, found from the area under the curve, is
only ~ 0.73 J/g, which is relatively insignificant compared to the total
latent heat of each of the components (Fig. S5). While Pyr; 3 H1 has
16.7% less water than Pyr;3 H2.5, no T, is observed in Fig. 1.
Furthermore, S, 5 , H2.5 has a similar water content as Pyry 3 H2.5 (<1%
difference), yet no transitions are observed. This suggests that the T;, in
Pyry 3 H2.5 is likely due to a combination of the increased water content,
the highest of all four electrolytes studied, and the choice of ionic liquid.
The increased ionic liquid content in Pyr; 3 H2.5 compared to Pyr; 3 H1
may help to plasticize the system and reduce the overall latent heat of
the T, [19]. Nevertheless, because only one T, is observed at a rela-
tively low temperature, lower than the expected operating conditions
>0 °C, the system can be considered homogeneously well mixed with a
minimal enough degree of crystallinity to still warrant further
investigation.

3.2. Electrochemical impedance spectroscopy

To assess ionic mobility in the four HAILSPE systems, EIS was used to
measure electrolyte resistance. Representative Nyquist plots are given in
Fig. S6. From the ohmic resistance, R, ionic conductivity, in units of mS/
cm, was calculated by
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t

o= IOOOIm (€)]
where t and A are the thickness and area of the electrolyte in units of cm
and cm?, respectively, as defined by the PTFE spacer. After analysis and
data correction following the procedure outlined in the Supplemental
Information, the Nyquist plots for each electrolyte system showed pure
ionic conductor behavior at all temperatures. A simple equivalent circuit
model with only one resistor was used to find the electrolyte resistance
from the intercept of the data with the real impedance at high fre-
quencies. This value is representative of the system’s ohmic resistance,
which includes losses due to the electrolyte, wires, and electric contacts
(Fig. S7) [48].

The ionic conductivity values for the four electrolyte systems, over a
range of temperatures from 0 to 80 °C in increments of 5 °C, are given in
Fig. 2 and largely demonstrate the impact of water on the transport
properties of these HAILSPEs. The compositions of the electrolytes used
for EIS analysis are given in Table 1. While the electrolytes were
designed with a specific intended amount of water to facilitate com-
parison, the extremely hygroscopic nature of the systems made it diffi-
cult to control the water absorption during processing in ambient
conditions. As such, Pyr; 3 H1 has ~ 63% more water than S, 5 5 H1. This
difference in water content results in a large discrepancy in ionic con-
ductivity at all temperatures (e.g., 4.55 mS/cm and 2.31 mS/cm,
respectively, at 25 °C), which is consistent with the results of similar
systems that show ionic conductivity is heavily correlated with water
concentration because of water’s ability to coordinate with and solvate
Li* [20,41]. The water content of S2,2,2 H2.5 and Pyry 3 H2.5 was more
precisely controlled, resulting in <1% difference. As a result, Fig. 2
shows that the ionic conductivity values more closely agree with one
another than in the case of H1, particularly at low temperatures (<30
°C). Furthermore, the water content of Pyr; 3 H1 lies closer to Sy 5 5 and
Pyr; 3 H2.5 and shows comparable ionic conductivity values.

While Fig. 2 shows that increasing water content (Sy 5 2 H1 to Pyry 3
H1) leads to a notable improvement in mobility, the choice of ionic
liquid and its impact on conductivity is not readily assessable. However,
the linear behavior of these four HAILSPE systems with visually different

Temperature / °C
80 70 60 50 40 30 20 10 0

100 t + + t + + + t t
£
o
0 10+ E
S
—
=
2
whd
(2]
S 14 ]
2
o) = Pyry 3 H2.5
o —e—S,,, H25
0 Pyry 5 H1
—e—S,,, H1

28 29 30 31 32 33 34 35 36 3.7
Temperature / 1000 K™

Fig. 2. Ionic conductivity, as measured by EIS over the temperature range of
0—80 °C in increments of 5 °C, of the HAILSPE compositions H1 (blue, circles)
and H2.5 (green, diamonds) using Sy 5 » (filled, solid line) and Pyr, 3 (empty,
dotted line) ionic liquids. S 2 > H1 and Pyr; 3 H1 have different water amounts,
while S, 5 » H2.5 and Pyr; 3 H2.5 have similar water amounts. The compositions
of these electrolytes are provided in Table 1.
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slopes — especially Sy22 H2.5 compared to Pyr; 3 H2.5, which have
nearly identical water content — suggests that there is, in fact, a de-
pendency on the ionic liquid chemistry. To elucidate this effect, an
Arrhenius regression was performed for the full-temperature ionic
conductivity data, in the form of

c=Axexp <;§“> )

where A is the pre-exponential factor and E, is the apparent activation
energy. If Eq. (5) is linearized, then
E, 1

which is in the form of y = mx+ b. If Ino is plotted as a function of in-
verse temperature, then the slope is —Z and the y-intercept is InA. For
comparison, regression of the data to the classic Vogel-Tammann-
Fulcher (VTF) equation for solid polymer electrolytes was performed
and is presented in the Supplemental Information [49].

The linearized data for each of the four HAILSPE systems is presented
in Fig. 3. Based on Eq. (6), E, and InA were calculated from the slopes
and y-intercepts of the fit lines, respectively. A summary of these values,
including the R fit parameter, is presented in Table 1. In SPE systems, E,
is often regarded as contribution to ionic conductivity from the
segmental motion of the polymer matrix while A is thought to be related
to the charge carrier concentration [49,50]. Thus, a lower E, would
indicate further decoupling of ionic transport from polymer chain
mobility. Fig. 3A and 3B present the Arrhenius fit for Sy 52 and Pyr 3
H1, respectively, while Fig. 3C and 3D present the Arrhenius fit for Sy 5 -
and Pyr 3 H2.5, respectively. When there is a large disparity in water
content, as in Sy vs Pyr; 3 H1, E, remains constant — 0.307 eV and
0.302 eV, respectively — and no apparent trend is discernable. However,
when water content is more carefully controlled, Fig. 3 suggests that
both E, and InA increase when changing the ionic liquid chemistry from
S2,2,2— 0.243 eV and 4.11, respectively — to Pyr; 3 — 0.292 eV and 6.14,
respectively. Fig. 3 also suggests that the H2.5 composition yields lower
activation energies, likely due to the increased amount of ionic liquid in
the electrolyte that further plasticizes the polymer matrix to decouple
ionic transport from polymer chain mobility. However, the purpose of
this study was to investigate the effect of ionic liquid chemistry; the
influence of modifying electrolyte composition will be investigated and
reported elsewhere in a future publication.

While it is possible that the difference in E, from changing ionic
liquid chemistry is due to an underlying fundamental phenomenon,
studies indicate that E, can cover a wide range for most systems, rather
than existing as a single value [51]. Nevertheless, the E,; found in this
work for each of the four HAILSPE systems is more comparable with
liquid-phase electrolytes than SPEs. For example, activation energies of
0.259 eV and 0.275 eV were calculated for DME and DMSO organic
electrolytes, respectively, under conditions where Li™ were fully sol-
vated [52]. In an EC + DEC organic electrolyte where Li" were
completely nonsolvated, E, was significantly higher at ~ 0.583 eV.
Aqueous electrolytes demonstrated similar E, values to the fully sol-
vated organic electrolytes. The WiSE was found to have an estimated E,
of ~ 0.286 eV, calculated from approximations based on the available
conductivity data, which is comparable to Sy 2 » H1, Pyr; 3 H1, and Pyry,
3 H2.5. The HANE was found to have an estimated E, of ~ 0.228 eV that
is comparable to Sy 52 H2.5 [24,27]. In these liquid electrolytes, E, is
thought to be related to the reorientation of interacting species rather
than polymer segmental motion [53].

Based on Eq. (5), a general design principle can be developed to
improve ionic conductivity by decreasing E, or increasing A. This
principle, however, is predicated on the assumption that the underlying
processes described are entirely different and completely uncorrelated.
Many researchers have investigated the validity of this assumption and
highlighted the importance of assessing the correlation between E, and
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Fig. 3. Arrhenius plots of ionic conductivity for the four HAILSPE systems. (A) Sz 22 H1, (B) Pyr; 3 H1, (C) Sy22 H2.5, and (D) Pyr; 3 H2.5. The apparent activation
energies, calculated from the slope of the fit line, are provided for each electrolyte in units of eV. The compositions of these electrolytes are provided in Table 1, as
well as the intercept of the fit line (InA), the apparent activation energy in units of kJ/mol, and the R? value for the fit line.

A [50,53]. When a negative correlation between the two parameters
exists, then the design principle remains unchanged. If, however, a
positive correlation exists, the maximum ionic conductivity for a system
corresponds to a minimized A. This realization is contradictory to the
strategy employed for most aqueous electrolytes where the total number

of charge carriers is increased to improve electrochemical stability [23,
27,54-56]. To assess the degree of correlation for the HAILSPE systems
reported here, InA vs E, was plotted in Fig. 4 for the four electrolytes
based on the values extracted from the Arrhenius regressions presented
in Fig. 3 and summarized in Table 1. For comparison, the InA and E,

14 r r r v v
HAILSPE
4 ASPE
124+ » ILSPE ®
10+
Temperature / °C
< 80 70 60 50 40 30 20 10
£ 97
S
E101
61 z
2107
S
'gm3
4“ O 0104
107 2% 29 30 31 52 33 34 35 36 37 38
Temperature / 1000 K™
2 t t t ' t
1 2 3 4 5 6

Ea/J mol™ x104

Fig. 4. Comparison of the correlation between the Arrhenius
pre-exponential factor InA and the apparent activation energy
E, for the HAILSPE systems studied in this work (gold, stars)
and previously studied ASPE (blue, left triangles) and ILSPE
(red, right triangles) systems [19,20]. The slope m and R? value
of the fit line for each set of electrolyte systems are provided.
The inset plot shows the full-temperature ionic conductivity
profiles for the circled electrolytes with the smallest (Sa 22
H2.5) and largest (ILSPE 3) E,. The compositions of these
electrolytes are provided in Tables 1, S1, and S2.
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values were extracted for our previously reported ASPE and ILSPE sys-
tems (Table S1 and Table S2) that influenced the design of the HAILSPE
systems [19,20].

Fig. 4 clearly shows that the HAILSPEs have the lowest apparent
activation energies of the three systems, ranging from 23.45 kJ/mol to
29.60 kJ/mol. Compared to the ASPEs (33.23—38.91 kJ/mol) and
ILSPEs (36.23—50.71 kJ/mol), this reduction in E, can be primarily
attributed to the choice of PAN as the polymer matrix instead of PEO,
where polymer chain mobility is a major contributor to ionic transport.
In PAN-LIiTFSI polymer-in-salt electrolytes, which are not plasticized by
water or ionic liquid, of similar PAN:LiTFSI molar ratios used in the H1
and H2.5 systems, apparent activation energies of 33.32 kJ/mol were
reported [57]. This value is comparable to even the well plasticized
ASPE system with the lowest activation energy, indicating the large
degree of decoupling provided by switching to PAN. Further reduction
of the activation energies for the H1 and H2.5 systems can be attributed
to the inclusion of water and IL that help plasticize the polymer matrix
and offer additional decoupling of ionic conductivity from polymer
chain mobility. The trend in InA in Fig. 4 is also consistent with the
reduction of overall concentration of Li* from ~ 17.9—31.4 m in ASPE
systems to ~ 4.4—10.4 m in HAILSPE systems when assuming water and
ionic liquid as the only solvents.

From Fig. 4, a positive correlation between E, and A is observed for
each of the three studied systems, with the HAILSPEs (R? = 0.95) situ-
ated between the ILSPE (R? = 0.99) and ASPE (R? = 0.89) systems. As
with the Arrhenius regression conducted in Fig. 3, the relationship be-
tween InA and E, in Fig. 4 can be described by the linear equation In(InA)
= mE, + b. From rearrangement of Eq. (6) and substitution of the linear
equation, the relationship between the conductivities of two different
electrolytes can be described by

o _ (&) " <_> >

01 Ay

which demonstrates that the change in ionic conductivity as a response
to a change in A is dependent on the value of mRT. If mRT > 1, then ionic
conductivity is proportional to A and increases with increasing A. If,
however, 0 < mRT < 1, then ionic conductivity is inversely proportional
to A and increases with decreasing A [50]. Based on the slopes of the fit
lines shown in Fig. 4, mRT < 1 for all three of the systems at room
temperature, indicating that a decrease in A causes an increase in ionic
conductivity. Fig. 4 and the conductivity values given in Tables 1, S1,
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and S2 corroborate this result; HAILSPEs show the lowest value of InA
(4.11), yet, on average, exhibit ionic conductivities ~ 4 orders of
magnitude greater than the ILSPE composition with the highest value of
InA (Fig. 4, inset). This outcome can be attributed to the design of the
HAILSPE systems, which include both water and ionic liquid as plasti-
cizers rather than each individually. While the inclusion of ionic liquid
can artificially inflate the ionic conductivity due to the contribution
from the cation, the room temperature lithium-specific conductivity oy;+
— calculated by t;+ X 025.¢c — given in Table 2 remains greater for all four
HAILSPE systems than the four ASPE systems previously reported. The
determination of t;;+, the transport number for Li™, is discussed below.

3.3. pfg-NMR

To further investigate transport properties, pfg-NMR measurements
were taken for the four HAILSPEs. The compositions of the electrolytes
used for pfg-NMR analysis, after measuring final water content via TGA,
are given in Table 2. Diffusion coefficients for H,0 (*H), Li* ("Li), IL*
(S3,2,2/Pyr1.3; 'H), and TFSI~ (1°F) are plotted in Fig. 5 as a function of
the lithium-ion mole fraction. For all compositions, HyO (squares) is the
predominantly mobile species based on its diffusion coefficient. For the
ions in the system, the diffusion coefficients follow the same order for all
electrolytes: Li™ (stars) > L™ (up triangles) > TFSI™ (down triangles).
For both Sy 5 » H2.5 (green, solid) and Pyr; 3 H2.5 (green, empty), Dy,0
in Fig. 5 — and to a smaller degree, Dy — is likely overestimated because
the parafilm wrapping used to prepare the samples is a saturated poly-
olefin that produces a background signal in the 'H spectrum. When
unsaturated PTFE was used to prepare samples for S, 5 o H1 (blue, solid)
and Pyr; 3 H1 (blue, empty), the background signal was significantly
reduced and Dy,o and Dy« more closely resemble Dy;+ and Drpg- in
Fig. 5.

In nonaqueous SPEs, t;;+ is readily measured using the Bruce-Vincent
(BV) method to determine approximately what portion of the ionic
conductivity can be attributed to the movement of Li* [19,58]. This
technique, however, requires the use of lithium-metal electrodes and is
therefore not compatible with aqueous electrolytes. Instead, an analo-
gous transport number can be calculated from the diffusion coefficients
obtained through pfg-NMR, given in Table 2, by

Crit+ * DL,'+

_ (€)]
(cLi+ * Dpiv) + (cresi- * Drpsi-) + (e * Dy+)

i+

where cy;+ is the concentration of Li, crpg- is the concentration of TFSI™,

140 30
® HO e 32,2,2 H1 /
1204 - * Li* O Pyr, H1 /
A 1" e §,,, H25 I "
- i
1004 v TFSF o Pyr,, H25
o "20U
o . =
= 80+ BN
- (/]
& 60t 5 ! A
! +10 x
€ ; o}
Q 40t * i * °;
r———--—-=---- 4
w
201 " 4 L " 8 ¢
I v {0
04 ¢ ! 5 ¥
L e — - - = 4+ )
0.18 0.19 0.20 0.21 0.22 023 0.21 0.22 0.23
X.t ) T

Fig. 5. pfg-NMR measured diffusion coefficients for the mobile species H,O (squares), Li" (stars), IL* (up triangles), and TFSI~ (down triangles) present in Sz2.2 H1
(blue, filled), Pyr; 3 H1 (blue, empty), Sz 2 H2.5 (green, filled), and Pyr; 3 H2.5 (green, empty) electrolytes expressed as a function of the lithium-ion mole fraction
Xii+. The compositions of these electrolytes and the diffusion coefficients are given in Table 2.



K.B. Ludwig et al.

Table 2

Electrochimica Acta 453 (2023) 142349

Summary of the properties determined from pfg-NMR measurements for the four HAILSPE systems investigated. The compositions of the electrolytes are provided and
represent molar ratios. The room temperature lithium-ion conductivity was calculated by oLy, = i+ X 025 using the ionic conductivity values given in Table 1.

PAN H,0 IL LiTFSI Dy x10712 m? 57! Dy x1072 m?s7! Drps x 10712 m? 571 tri+ oy, mSem !
S2,2,2 H1 6.14 17.30 1 6.93 6.16 2.51 1.88 0.71 1.64
Pyr 3 H1 6.14 17.79 1 6.93 3.50 1.62 0.793 0.75 3.41
S2,2,2 H2.5 6.14 19.00 2.5 6.93 42.2 21.6 16.7 0.58 2.91
Pyr, 3 H2.5 6.14 20.57 2.5 6.93 18.3 8.46 6.57 0.60 3.23

and cy+ is the ionic liquid cation (Siz,z / Pyr1+,3) concentration. The
transport numbers calculated from Eq. (8) are given in Table 2. The H1
electrolytes exhibited greater transport numbers (0.71, 0.75) at room
temperature than the H2.5 electrolytes (0.58, 0.60). This is because the
H2.5 systems contain more ionic liquid than the H1 systems, with
relatively comparable amounts of polymer, water, and salt, which re-
duces the concentration of Li* and decreases t;;. Furthermore, the
electrolytes with Pyry 3 show greater transport numbers (0.75, 0.60)
than the S;,- versions (0.71, 0.58), which may be due to self-
aggregation of Pyr; 3 into slower surfactant-like moieties that would
reduce Li*—Pyr1,3 interactions in favor of interactions with more mobile
water molecules [59]. This speculation agrees with the measured Dy
values, which are 1.55—2.55 times smaller for the Pyr; 3 electrolytes
when compared to their Sy 5 » analogs.

The pfg-NMR results presented in Fig. 5 and Table 2 are significant
because they indicate a large degree of decoupling of ionic transport
from polymer chain mobility, as predicted, and preferential Li" trans-
port. If there was coupling, IL.* and TFSI~ would be largely unhindered
and have higher diffusion coefficients relative to Li*, resulting in
significantly lower transport numbers ~0.2—0.4 often seen in SPEs
[60]. For example, our previously reported ILSPE system, used for
comparison in Fig. 4, exhibited t;;+ values in the range of 0.25—0.35
when measured using the BV method (Table S4) [19]. However, our
previously reported ASPE system, also used for comparison in Fig. 4,
exhibited ¢t;;+ values comparable to the HAILSPE systems reported here,
in the range of 0.64—0.67 (Table S3) [20]. It is interesting to note that
the diffusion coefficients of the HAILSPE systems given in Table 2 are
approximately the same as the diffusion coefficients for the ASPE sys-
tems in Table S3, also measured with pfg-NMR, yet the room tempera-
ture ionic conductivities for HAILSPE systems, given in Table 1, are
1.3—7.9 times greater. As discussed above, despite the ionic liquids
contributing to total ionic conductivity, the room temperature oy;- is still

100

greater for the HAILSPEs compared to the ASPEs. The diffusion co-
efficients may offer some insight, which show that the ratio of Dy;- to
Drggy- is ~ 3 for HAILSPEs and ~ 2 for ASPEs, suggesting that the TFSI™
are significantly slower in HAILSPEs, enabling Li* to move relatively
faster. Furthermore, this suggests that the transport of Li* is further
decoupled from polymer chain mobility, which can also account for the
improvement in conductivity [61].

3.4. Linear sweep and cyclic voltammetry

As discussed previously, PAN was selected because of its reported
strong oxidative stability [62]. To further understand the oxidative
stability of HAILSPE systems, LSV was used to assess the anodic limit of
the electrolytes. Fig. 6A and 6B show the representative current density
of both H1 and H2.5 systems, respectively, as a function of cell potential.
For all systems, the same trend was observed: generally low current
evolution starting at ~ 4.2 V vs. Li/Li", likely due to minor oxidation of
PAN, followed by rapid current evolution at potentials >5.4 V vs. Li/Li"
due to complete electrolyte degradation. While it is difficult to accu-
rately assess the electrochemical stability window in SPEs, this result
supports the generally favorable oxidative stability of PAN-based elec-
trolytes [63,64].

To assess cathodic stability, CV was used to monitor the passivating
behavior and SEI formation in each of the four HAILSPE systems. A
modest limit of ~ 2 V vs. Li/Li* was chosen to investigate this behavior
without causing irreversible electrolyte degradation. Figs. 7 and 8
display the first 5 cycles for H1 and H2.5 electrolytes, respectively. The
current response at low potentials is due to HoO reduction, thus it is
expected that systems with more water will yield larger current den-
sities. The results for Pyr 3 H1 and Pyr; 3 H2.5 support this claim; in
Fig. 8B, Pyr; 3 H2.5 contained ~ 3 times as much water and measured a
current density ~ 2 times greater than the Pyr; 3 H1 electrolyte at the
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Fig. 6. Determination of the anodic limit via LSV from current density as a function of cell potential for the (A) S, . (blue, solid) and Pyr; 3 (blue, dashed) H1
electrolytes, and (B) Sy 5 5 (green, solid) and Pyr; 3 (green, dashed) H2.5 electrolytes. Insets provide a zoomed-in view limited to 10% of the ordinate over the range of
3.8—4.8 V vs. Li/Li". All electrolytes were measured at room temperature with a scan rate of 0.5 mV/s.
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were measured at room temperature with a scan rate of 0.5 mV/s.

selected limit shown in Fig. 7B. Furthermore, it is immediately clear
from Figs. 7 and 8 that for both systems, the Pyr 3 version yields a larger
current density in the first cycle than the Sy, version. This finding
aligns with pfg-NMR results that suggested Pyr; 3 systems had reduced
Li*-Pyr{ 5 interactions in favor of interactions with water. Increased
Li*-H,0 interactions are expected to lead to a higher concentration of
water available for reduction as lithium ions shuttle water to the anode
surface.

Figs. 7 and 8 also provide information regarding the quality of the
SEI formed during passivation at the selected limit. Trends in successive
cycles can indicate one of two main pathways for SEI growth: tunnelling
or self-inhibition. In the first case, the SEI is uniform but thin enough to
allow electron tunnelling through it. Thus, current evolution indicates
an increase in SEI thickness [65]. In CV measurements, tunnelling is
represented by a shift in the potential of the reduction peak with
consecutive cycling. In the more common second case, the SEI is
non-uniform but thick enough to block electron tunnelling through it.
Thus, current evolution indicates additional SEI formation at unblocked
sites and improves coverage. In CV measurements, self-inhibition is
represented by a decrease in the current density with consecutive
cycling [65,66]. The decrease in current density observed over consec-
utive cycles in Figs. 7 and 8 clearly indicates a self-inhibitory pathway of
SEI growth for both H1 and H2.5 systems. Furthermore, the CV results
suggest that growth of the thick SEI is relatively fast and completes with

full surface coverage within the first 5 cycles, as evidenced by the drastic
decrease in current density after the first full cycle in all cases.

4. Conclusion

To improve the cathodic limit of aqueous electrolytes, new design
strategies are essential. The recent development of HANE systems shows
a promising step forward, yet these electrolytes often sacrifice transport
properties to improve reductive stability. HAILSPEs characterized in this
work provide an alternative pathway to these aqueous systems for solid-
state analogs, demonstrating a strategy to tune the degree of passivation
at the anode while simultaneously improving transport properties.
Pyr 3 H2.5 exhibited a room temperature ionic conductivity of 5.39 mS/
cm, 3 times greater than even the most conductive ASPE predecessor.
This same electrolyte, however, exhibited the largest degree of Hy0O
reduction before complete passivation, reaching a peak current density
of ~ 9 pA/cm?. When the electrolyte composition is modified slightly,
the peak current density of Pyr; 3 H1 is limited to ~ 4 pA/ em?. Switching
the ionic liquid chemistry even further reduces the peak current density
to <2 pA/cm2 for Sy 2 2 H1, however this electrolyte maintains an ionic
conductivity less than half of Pyr; 3 H2.5. These results clearly show a
continued tradeoff between transport properties and passivation, high-
lighting the need for optimization before assessing performance in Li-ion
battery systems. Nevertheless, the HAILSPE systems still displayed
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Fig. 8. CV measured passivation given by current density as a function of cell potential, limited to 2 V vs. Li/Li*, for (A) Sz 2> H2.5 and (B) Pyr; 3 H2.5. The first 5
cycles are presented in both overlayed and stacked forms. S 5 » H2.5 had a final water molar ratio of 30.55 and Pyr; 3 H2.5 had a final water molar ratio of 30.91. All

electrolytes were measured at room temperature with a scan rate of 0.5 mV/s.

remarkable improvement of transport properties from their ASPE pre-
decessors while demonstrating the capability to tune the degree of
passivation. This precursory work, whose goal was to determine the
fundamental properties of HAILSPEs as they relate to transport and
passivation, will help to guide future efforts and provide a route forward
for aqueous SPEs.
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