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SUMMARY

Li-based batteries are ubiquitous in modern-day energy supply
systems. However, the volatile and flammable nature of the electro-
lytes remains a safety challenge. Here, we report that anchored sol-
vent molecules can increase the ionic conductivity of the electrolyte
without undermining its non-flammability. Specifically, we devel-
oped a liquid-state polymer electrolyte composed of LiFSI salts,
dimethoxyethane (DME) solvents, and polysiloxane tethered with
ion-solvating moieties. DME coordinates with both the salt and
the polymer, while, together with the salt, they synergistically
plasticize the polymer to increase the ionic conductivity. The result-
ing non-flammable polymer electrolyte has a room-temperature
ionic conductivity of 1.6 mS/cm and a wide operation window of
25°C-100°C. Benefiting from its liquid nature, our electrolyte can
pair with commercially available electrodes without further cell
engineering. Our work extends the ionic conductivity range of poly-
mer electrolytes and shows a promising design pathway for next-
generation safe and manufacturable electrolytes.

INTRODUCTION

Li-ion batteries (LIBs) have applications ranging from grid-level energy storage to
portable consumer electronic devices." However, flammability of traditional electro-
lytes remains a critical safety issue.”® The electrolyte is usually composed of flam-
mable small organic molecules, such as ether and carbonate. Their volatility leads
to unsafe battery operation at temperatures beyond 60°C." Specifically, these
organic molecules undergo self-amplifying exothermic oxidation, which eventually
leads to battery combustion.”” lonic-liquid-based electrolyte has been explored
as a low-vapor-pressure safe electrolyte. However, these ionic liquids introduce a
secondary mobile cation beyond Li* into the solution matrix. Due to the salt solvat-
ing limitation of ionic liquid (molar Li salt:ionic liquid <1: 2), most (>67%) of the
mobile cations in the electrolyte are organic cations, instead of Li*.® This results in
low Li transference number (<0.4) in these electrolytes.’

Solid-state electrolytes, such as ceramic-based and polymer-based electrolytes,
were developed as an alternative safe electrolyte.®? For ceramic-based electrolytes,
high Li-ion conductivities (1-10 mS/cm) have been revealed at room temperature.
However, their reliance on advanced manufacturing methods, e.g., atomic-layer-
deposition, for forming low-impedance interfaces with the electrodes has hindered
their further development.'® For solid-state polymeric electrolytes, low bulk ionic
conductivities (<0.1 mS/cm) at room temperature have limited their operation to
only elevated temperatures (60°C —80°C)."" In full cell cycling, these electrolytes
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PROGRESS AND POTENTIAL
Current battery electrolytes are
flammable, posing a significant
safety challenge. Solvent-free
polymer electrolytes are
developed to address this, yet
they do not have sufficient ionic
conductivity for room-
temperature battery operation.
Although gel electrolytes address
the ionic conductivity limitation,
the solvent molecules in them are
not anchored and the safety
feature is thus compromised.
Here, we report that anchoring
solvent molecules with the salt
and the polymer can increase the
ionic conductivity of the
electrolyte without undermining
its non-flammability. We name it
solvent-anchored non-flammable
electrolyte (SAFE). We paired
SAFE with commercially available
electrodes and demonstrated 400
cycles at room temperature
without obvious capacity decay.
Different from the polymer or gel
electrolyte, SAFE addresses the
apparent contradiction between
non-flammability and ionic
conductivity.
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were also incorporated into the cathode binders to improve the ionic transport
across the electrolyte-electrode interface.'”

The limiting bulk and interfacial ionic conductivity of polymeric electrolyte is due to the
coupled relationship between ionic conduction and polymer chain motion. In polymers
such as poly(vinylidene fluoride)-co-hexafluoropropylene (PVDF-HFP), poly(methyl
methacrylate) (PMMA), and poly(butyl acrylate) (PBuA), poly(diallyldimethylammonium)
bis(fluorosulfonyl)imide (PDADFSI) increasing the salt contents shields secondary inter-
actions between polymer chains and resulted in reduced glass transition temperatures
(Tg) and elevated ionic conductivities.'”'* However, previously used polymers, primarily
based on readily commercial polymers, have rigid backbones and have limited salt sol-
ubility (maximum molar ratio salt:monomer typically <2:1). The rigid backbone restricts
the polymer chain motion and thus the ionic conductivity. Although salt addition can in-
crease the ionic conductivity, this is limited by their deficient salt solubility. In these poly-
mer-in-salt systems, the ionic conductivity usually plateaued at ~0.1 mS/cm (25°C)."”
Anotherway to increase the polymer chain motion is adding organic liquids or oligomers
(e.g., gel electrolyte).®"” However, these liquid additives can undermine the thermal
stability and non-flammability of polymer electrolytes if their solvation environment
and volatility is not carefully examined.

Here, we present a siloxane-based polymer, using ionic-liquid-based solvating unit
as polymer side chains (solvent-anchored non-flammable electrolyte [SAFE]). The
flexible low T4 backbone promotes polymer chain motion and elevates baseline
ionic conductivity. By moving the ion-solvating units from the polymer backbone
to the side chain, we reduce their steric hindrance and enable higher salt solubility,
which further increase the ionic conductivity and decrease the viscosity of this elec-
trolyte. Solvent molecules were incorporated into the electrolyte to maintain high
ionic conductivity without affecting its non-flammability. These solvents exist in a
highly coordinated environment with salts and polymers and do not undercut the
safety feature of the electrolyte. To quantify and compare the solvent volatility of
this and other electrolytes, we developed a gas chromatography (GC)-based mea-
surement and found the partial vapor pressure of organic solvents in this electrolyte
remains low (~2%) at high temperature (100°C) conditions.

The resulting electrolyte with high Li salt content (salt:monomer = 8:1), in presence
of coordinated DME (dimethoxyethane) molecules, is a liquid with ionic conductivity
of 1.6 mS/cm at 25°C. Compared with solid-state electrolytes (ceramic or polymer),
SAFE easily formed intimate contact with the electrodes and can be paired with
commercially available nickel-manganese-cobalt (NMC) oxide cathodes without
further cell engineering. By tethering the ionic liquid units to the polymer side chain,
instead of using a small-molecule ionic liquid, we limited the movement of the non-Li
cation in the system and achieved a high Li transference number (~0.7). We
demonstrate stable cycling of SAFE with NMC cathodes and graphite anode at
25°C (C/10 and C/3) for over 400 cycles with negligible capacity fading. This
electrolyte can operate at a wide temperature range with realistic current densities
(25°C, 0.27 mA/cm?, 100°C, 5.4 mA/cm?) and sets the conductivity and performance
standards for polymer electrolytes.

RESULTS AND DISCUSSION

Materials design
We designed an amphiphilic polymeric electrolyte composed of non-polar siloxane
backbone and pyrrolidinium (Py) bis(fluorosulfonyl)imide (FSI) polar ionic side
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Figure 1. SAFE with different salt/solvent ratios

(A) Schematic of the chemical structure of the electrolyte drawn with the molar ratio of LiFSI:PyFSI:DME = 1:1:1.
(B) SAFE added to battery separator, and a zoom-in cartoon (drawn with the molar ratio of LiFSI:PyFSI:DME = 2:1:1.5) structure of the complex.
(C) DME amount in the electrolyte after 48 h of drying as the salt content increased. Data are represented as mean + SD.

(D) lonic conductivities of electrolytes with increasing salt content, measured at 25°C. Data are represented as mean + SD.

(E) Steady-state viscosities of electrolytes. Data are represented as mean + SD.

(F) Conductivities of SAFE r = 8 at different temperatures, and compared with other dry polymer-in-salt electrolyte.

(G) Schematic showcasing SAFE’s unique advantage.

12,13,25-29

chains, as shown in Figure 1A, and we named the polymer PPyMS-FSI. The siloxane
backbone was chosen for its chemical stability and chain flexibility.'® The PyFSl ionic
group was selected for its oxidative stability and ability to solvate salt."”?° Other
ionic-liquid-based polymer electrolytes have been studied,?’?* especially a poly-
meric PyFSl ionic liquid as the polymer backbone and LiFSI (PDADFSI-LiFSI) as the
salt.”® They reported the ionic conductivity of the polymer increases with the
addition of salt from r = 0.5 to r = 1.15 (PyFSI:LiFSI). At a salt:monomer ratio of
0.5 with minimal solvent presents, PDADFSI-LiFSI has an ionic conductivity of
107° mS/cm at 30°C, while our polymer electrolyte PPyMSMS-LiFSI has an ionic con-
ductivity of 8.3 x 1072 mS/cm at 25°C, and the higher conductivity derived from the
low rigidity of the siloxane polymer backbone. In this study, by moving the ionic sol-
vation groups to polymer side chains, we reduced the steric hindrance of the ionic
liquid and increased the freedom of the PyFSl unit to coordinate with salt and
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solvents (Figure 1B). Previous work also reported a polymer electrolyte with siloxane
backbone tethered with imidazolium-based side chain with ~1073 mS/cm ionic con-
ductivity at 25°C with LiTFSl:side chain = 0.03.?® Siloxane-functioned ethers were
also reported as a suitable electrolyte for LIBs, and they can pair with high-voltage
cathodes when LiBOB (lithium bis(oxalato)borate) salt was used.?”

Optimization of electrolyte composition

SAFE was prepared by dissolving the LiFSI salt in DME and PPyMS-FSI polymer in
ACN (acetonitrile). After drying in a vacuum oven for 48 h, the ACN can be fully
removed and the DME forms coordinated structures with polymers and salts. The re-
sidual amount was quantified with "H nuclear magnetic resonance (NMR) for electro-
lytes at different salt concentrations (Figures S1 and S2) and labeled as rppe (molar
ratio between DME and side chain) in Figure 1C. Here we note the salt content r,
which is defined as the molar ratio between the added LiFS| salt and the PyFSI poly-
mer side chain.

For the SAFE r = 8 electrolyte, we optimized the DME amount in the system by
increasing the drying time from 48 to 96 and 144 h. From 48 to 96 h, the DME amount
(rome) decreased from 5.25 to 2.53 (Table S1), but the viscosity increased
from 0.08 Pa.S to 0.20 Pa.S (Figure S3), and the conductivity decreased from
1.6 mS/cm to 0.54 mS/cm. Further extending the drying time (144 h) resulted in
salt precipitation without fully removing the DME. At 48 h of drying time, the DME
in the system is optimal for reducing the viscosity and promoting the ionic conduc-
tion. The following sections will showcase that the DME exist in a highly coordinated
environment with low volatility, and the electrolyte is non-flammable.

Liquid-state polymeric electrolyte

The mechanical properties and ionic conductivities of SAFE are affected not only by
the solvent but also by the salt content. The steady-state viscosities (Figures 1D and
S4) and the ionic conductivities (Figure 1E) of the polymeric complex at different r
values were measured at 25°C. Due to the ionic nature of the PyFSI side chains,
EIS (electrochemical impedance spectroscopy) measurement of the neat PPyMS-
FSI polymer, a viscous liquid, showed a 2.6 x 1072 mS/cm ionic conductivity at
25°C. When a small amount of LiFSI salt was added to the polymer matrix (i.e.,
r=0.1-0.2), Li* established multi-coordination structures with the ionic side groups
on the polymers, thereby electrostatically crosslinking the polymer chains and
limiting the polymer chain motion.”>?%*" We characterized this salt-crosslinking
behavior with frequency-dependent rheology on the r=0, r=0.2, and r = 0.5 com-
plex (Figure S5). Polymer with no salt (r = 0) showed liquid-like rheological property
with the loss modulus (G”, liquid characteristic) higher than the storage modulus
(G, solid characteristic) across the frequency range, while r = 0.2 had a crossover be-
tween G’ and G” at 8.5 rad/s, demonstrating viscoelastic solid-like behavior. Further
increase in salt and solvent content (r > 0.5) resulted in the electrolyte becoming
liquid again with G” higher than G’ over the frequency range. The solid/liquid tran-
sition was also reflected in viscosity and ionic conductivity changes: the steady-state
viscosity of the polymer/salt mixture increased from 4 x 10% Pa-S (r = 0) to 7 x 10*
Pa+S (r = 0.1) and then decreased to 8 x 1072 Pa+S (r = 8); the conductivity
decreased from 2.6 x 1072 mS/cm (r = 0) to 1.7 X 1072 mS/cm (r = 0.1) and then
increased to 1.6 mS/cm (r = 8). In our obtained differential scanning calorimetry
(DSC) curves (Figure S6), the T4 of PPyMS-FSI polymer was observed at —25°C,
and the SAFE r = 8 samples have Tg at —64°C, approaching the Tq of polydimethyl-
siloxane (PDMS) polymer without ionic interactions.?” These results suggested that
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the added LiFSlI salt and DME can facilitate polymer chain motion and limit the ionic

interaction between polymer side chains.”***

Increasing the salt content from r = 8 to r = 15 has limited effect on the ionic conduc-
tivity. Although the rppe increased from 5.2 to 9.6, the ratio between DME and LiFSI
remained similar (0.65 for r = 8 and 0.64 for r = 15). At lower salt contentr = 5, the
ratio between DME and LiFSl is higher (0.68). This indicates that the salt solvation
limit of the system has been reached atr = 8. Further increase in salt content requires
the incorporation of proportional DME solvent. This is further supported by viscosity
measurements, as r = 8 and r = 15 shows similar viscosity, which is orders lower than
that of other electrolytes.

The ionic conductivity was next characterized over a wide temperature window from
25°C to 100°C (Figure 1F) and the obtained Nyquist plots are shown in Figure S7.
Through fitting the conductivity and temperature information using the Arrhenius
equation (Figure S8) for r = 8, the activation energy required for ion transport was
calculated as 264 meV. When comparing the conductivities of SAFE r = 8 with other
polymer-in-salt electrolytes, this electrolyte showed the highest ionic conductivities
across the entire temperature range of 25°C to 100°C. Specifically, recent work on
PVDF-HFP LiTFSI -based polymer-in-salt electrolyte also reported 13 wt % of resid-
ual DMF."? The electrolyte remained solid and demonstrated a room-temperature
ionic conductivity of 0.124 mS/cm. For short-chain poly(ethylene glycol) (polyeth-
ylene oxide [PEO], molecular weight 10 K), it can also be liquefied by adding
LiTFSI salt (Li:monomer = 0.125), and it has a viscosity of 55 Pa+S at 20°C. However,
due to its limited ionic solvating ability, the liquefied PEO electrolyte only achieved
an ionic conductivity of 0.06 mS/cm at 30°C.°

By tuning the LiFSI and DME amount, we preserved the ionic conductivity without
compromising the safety feature of our electrolyte. SAFE simultaneously addressed
the solvent flammability issue of conventional liquid/gel electrolyte and the ionic
conductivity limitation of solid-state polymer electrolyte (Figure 1G).

Chemical environment of FSI, Li, and DME

The chemical coordination environment of the Li cation and the FSI anion evolved
with the electrolyte’s composition. Raman spectroscopy can measure the shifts in
energy level of specific vibration modes of bonds, and we can then infer the changes
in the chemical environment of that bond. In this system, both the ionic side chain of
the polymer and the added Li salt contained the same FSI anion. As shown in Fig-
ure 2A, the vibration energy of the S-N-S bond measured for the neat PDMS-
PyFSI polymer was ~711 cm™"; for crystalline LiFS| salt samples it was ~762 cm™".
These results were similar to literature values of the S-N-S bond Raman signals on
LiFSI salt and pyrrolidinium FSI ionic liquids.?**¢ All obtained Raman spectra are
shown in Figure S9. As the salt and solvent content increases, the S-N-S bond signal
shifted to higher wavenumbers, indicating a more coordinated environment for the
FSI anion.*” Our Raman spectroscopy findings were further corroborated with Four-
ier transform infrared spectroscopy (FTIR), where we observed regions containing
the S-N-S bond stretching vibration (Figures 2B and S10). As the salt content
increased, the bond wavenumber in FTIR increased in the direction of Li binding
with FSI, but no peak was observed at the energy of crystalline LiFSI.

Besides characterizing the FSI anions, the chemical environment of Li cations

was investigated with NMR. In Figure 2C, the Li peak showed an up-field shift as
the salt content in the polymer increased. The full “Li NMR spectra are shown in
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(A) Raman spectroscopy of the polymer-salt complex focused on the vibration mode of the S-N-S bond on the FSI anion.

(B) Fourier transform infrared spectroscopy (FTIR) of the polymer-salt complex focused on the signal range of the vibration mode of the S-N-S bond on

the FSI anion.

(C) Li nuclear magnetic resonance (NMR) signals of polymers with various salt content measured at 25°C.

(D) Raman spectroscopy focused on DME vibration with Li—O breathing bond marked out.

(E) Raman spectroscopy focused S-N-S bond stretching compared with 4 and 8 M LiFSI DME solution (feed composition).

Figure S11. The up-field shift indicates a more shielded Li nucleus due to a higher
surrounding electron cloud density. Consistent with our previous observations via
Raman and FTIR, the increased salt content in the system resulted in a more coordi-
nated solvation environment. The broadness of the NMR peak declined as the salt
content increased, resulting from the lowered viscosity of the electrolyte. Further-
more, the sharp peak of Li nuclei at high salt concentration (r = 8) also indicated
that the added Li salts were fully dissolved in the matrix and existed in a uniform
chemical environment.

The solvation environment of the DME in SAFE was characterized with Raman spectros-
copy and compared with high-concentration LiFSI DME electrolyte. Figure 2D shows
the DME vibration signals. When there is no LiFSI in DME, pure DME exists in several
confirmations, resulting in two distinct Raman peaks at wavenumbers lower than
850 cm™". In the 4 and 8 M LiFSI DME (feed composition) electrolytes, the Li-O breath-
ing peak appeared at 856 cm™", indicating Li cation is coordinating with the oxygen on
DME.*” The coordination environments of the anion of the FSI anioninr=5and r = 8
electrolytes were also compared with 4 and 8 M LiFSI DME electrolyte (Figure 2E).
When the salt concentration increased from 4 to 8 M, the peak location shifted from
701 to 724 cm™". Compared with DME electrolyte with no polymer, the S-N-S stretch-
ing in SAFE was further blue shifted to >730 cm ™', indicating that the PPyMS-FSI poly-
mer also contributed to the highly coordinated environment.
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To complement experimental evidence, molecular dynamics (MD) simulations can
also elucidate specific interactions in the system. We conducted MD simulations
for the r = 1 electrolyte (LiFSI:PyFSI:DME = 1:1:0.25) and analyzed the radial distri-
bution functions (RDFs) to study the interactions between the electrolyte species
(Figure S12). At short range (<1 nm), a g(r) peak with a value larger than 1 indicates
interaction between the two species of interest, as the local density of the selected
species near the reference species is greater than its concentration in the bulk elec-
trolyte. Li* shows strong interaction with both the oxygen atoms in the FSI~ and the
oxygen atoms in DME, with clear peaks in the RDF. FSI™ interacts strongly with Li*
but has no distinguishable interaction with the DME. Beside interacting with Li",
we also find that DME interacts with the Py* group on the polymer side chain. Over-
all, our MD simulation results agree with our experimental finding that DME is
anchored in a highly coordinated salt-rich environment, and DME interacts with
both the Li* and the polymer. The potential of mean force (PMF) between any two
species w(r) can be calculated from the RDF through the relation w(r) = —kgT
In(g(r)). The magnitude of the minimum of the PMF is a quantitative measurement
of the interaction strength between two species. We noted that the oxygen on
DME coordinates most strongly with other species and is therefore used to calculate
interaction strengths for DME. We calculated PMFs for the Li*-O (DME) and N
(polymer)-O (DME) interactions and found that the Li*-O (DME) interaction has a
strength of 0.25 kgT, while that of the N (polymer)-O (DME) interaction is 0.17 kgT.
The interaction strength of DME with the polymer is therefore slightly lower than
that of DME with Li*. Both these interactions are weaker than the ion-counterion
interaction, represented by the Li*-O (FSI7) PMF, which has a strength of 1.30 kgT.
Therefore, these interactions likely do not strongly hinder DME or Li* movement
in solution.

In the following section, the volatility of the solvent molecule of this electrolyte is
measured and compared with other gel and high-salt-concentration electrolytes.
We showed that the synergy between the salt and the polymer coordination with
the solvent molecule contributes to its low volatility and the overall non-flammable
nature of this electrolyte.

Stability, reactivity, and electrochemical characterizations

We selected SAFE r = 8 for further electrochemical studies since we observed that
further increase in salt concentration has negligible effect on its ionic conductivity.
Before applying it for long-term cycling in cells, we first examined the oxidative sta-
bility of this electrolyte in the Li|Al cell. We performed linear voltammetry on the cell
and identified the oxidation voltage of SAFE r = 8 electrolyte as 6.7 V versus Li (Fig-
ure 3A). Such a high oxidative potential is sufficient for pairing with high-voltage
NMC electrodes. We attributed the high oxidative stability to the electrolyte’s
high salt content and stable components (ionic liquids). Next, the transference num-
ber of the Li and fluorine nuclei was measured at 80°C using the diffusion ordered
spectroscopy (DOSY) NMR technique. Figure S13 shows the details of the linear
fitting and the calculated diffusion coefficient. The transference number of this elec-
trolyte was computed to be 0.71, indicating that most of the mobile species in the
system were Li*. We also measured the transference number through electrochem-
ical polarization in Li|Li symmetric cell (Figure S14), and the transference number was
calculated as 0.65. This is consistent with our DOSY-NMR measurement value, and,
in both measurements, we assumed that the Nernst-Einstein relationship was
obeyed and the system was at the dilute limit. This is a simplified model that does
not account for undissociated ion pairs/triplets, but it does offer useful insight
regarding the ion movements in the electrolyte.
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Figure 3. Stability and electrochemical characterization of SAFE r = 8

(A) Linear sweep voltammetry (LSV) performed on the electrolyte in a Li|Al cell. The measured oxidative stability is compared with that of other common

polymer/liquid electrolytes.**%

(B) Rate-dependent capacity of graphite|NMC cell.

(C) Long-term cycling of graphite|[NMC cell at C/10 C-rate.

(D) Long-term cycling of graphite|[NMC cell at C/3 C-rate.

(E) SEM images of Li deposition morphology (1 mAh/cm? capacity, 0.1 mA/cm? current density) on bare Cu foil. Scale bar: 10 um.

(F) Nyquist plot of the impedance measurements on Li|Li symmetric cell with SAFE r = 8 after various resting times at room temperature.
(G) Long-term cycling of LilLi cell at 1 mA/cm? current density, 1 mAh capacity.

(H) Long-term cycling of Li|Li cell at 2 mA/cm? current density, 2 mAh capacity.

Long-term stability and battery operation

We next examined the cycling of our electrolyte in graphite|]NMC full-cell setup. The
C-rate-dependent test was conducted (Figure 3B), and we found this electrolyte has
~150-mAh/g capacity at C/3 and ~170-mAh/g capacity at C/10, when pairing with
commercially available NMC cathode (MTI, 2 mAh/cm?). We cycled these graphite|
NMC cells at lean electrolyte (30 plL) condition at C/10 C-rates, and we observed
negligible capacity fading for over 400 cycles (Figure 3C). The voltage curves at cycle
2 and 75 were shown in Figure S15. The long-term cycling performance of two more
repetitions is shown in Figure S16, and both demonstrated stable long-term perfor-
mance with no observed capacity fading. For the C/3 cells, we also showed stable
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long-term performance for over 400 cycles with no apparent capacity fading (Fig-
ure 3D). The fluctuation of the discharge capacities in the initial 200 cycles was attrib-
uted to the changes in the room temperature over different periods of the day, and
the fluctuation was reduced once the temperature of the room was set at 25°C. Our
electrolyte also demonstrated high voltage stability when cycled in a Li|LNMO cell
(Figure S17).

We then evaluated the electrolyte’s compatibility with Li metal anode. We deposited
1 mAh/cm? of Li metal on a Cu foil at a current density of 0.1 mA/cm?. The scanning
electron microscopy (SEM) deposition profiles of the Li metal (Figure 3E) indicated
that the morphology of the deposited Li metal was granular and homogeneous. A
zoomed-out SEM images indicated this morphology was observed over large areas
on the electrodes (Figure S18). The stability of the solid-electrolyte interface (SEI)
was further characterized by tracking the interfacial impedance of LilLi symmetric
cells over a prolonged period (~100 h) using EIS measurement. We observed that
the interfacial impedance remained almost unchanged after resting at room temper-
ature for 100 h, indicating that a stable interface was formed between Li metal and
the electrolyte (Figure 3F). We evaluated the long-term stability of the r = 8 electro-
lyte with Li metal by cycling LilLi cells at room temperature at various current
densities. At current densities of 1 mA/cm? and capacity of 1 mAh/cm?, SAFE
r = 8 electrolytes showed a prolonged stable cycling of >700 h (Figure 3G). At a
higher current density of 2 mA/cm? and capacity of 2 mAh/cm?, the electrolyte
demonstrated stable cycling for more than 650 h (Figure 3H).

We also characterized the chemical composition of the SEI after cycling at different
C-rates for both the Li metal and the graphite anode. The graphite anode cycled at
either C/10 or C/3 shared similar chemical composition, with product from salt (Li,O,
-SO,) and solvent/polymer (-O-C) decomposition (Figure S19). At 1C rate, the
charge/discharge process turned capacitive, and the anode surface was mostly
covered with organic decomposition products (-O-C). A similar trend was discov-
ered on Li metal anodes, where the anode cycled at 1C rate had significantly
different surface chemistry compared with the electrode cycled at C/3 or C/10 (Fig-
ure S20). Specifically, more polymeric substance, possibly resulting from either poly-
mer or the solvent decomposition, appeared on the anode surface, and less product
derived from salt composition (Li,O, -SO,). Cross sections of a graphite|]NMC cell
were taken before and after 50 cycles (Figures S21 and S22), and SAFE r = 8 re-
mained wetting at the electrodes and the separator after the cycling.

Thermal stability and the electrolyte’s window of operation

The long-term thermal stability of the cell was investigated, where the cell was
placed in a 70°C oven for prolonged periods of time, and the conductivity remained
unchanged after 8 days, as shown in Figure S23. To demonstrate the effect of poly-
mer on improving the electrolyte’s thermal stability and safety feature, we also syn-
thesized small-molecule Py12FSI ionic liquids and composed a small-molecule-
based electrolyte with the same molar ratio of DME, LiFSI, and PyFSI, which we
named SM. Detailed composition of the SM electrolyte is shown in Figure S24.
We also compared the long-term thermal stability between the polymer and the
SM electrolyte, and we found the SM electrolyte’s conductivity starts to drop after
3 days of thermal hold at 70°C, while the SAFE r = 8's conductivity remained un-
changed after 8 days of thermal hold (Figure S25). The thermal stability of these elec-
trolytes was further evaluated with a flammability test. We first prepared glass wool
soaked with 1 mL of either SAFE r = 8 or ethylene carbonate (EC) and diethyl carbon-
ate (DEC) 1 M lithium hexafluorophosphate (LiPF,) 10% fluoroethylene carbonate
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Figure 4. Thermal stability of SAFE r = 8

(A) Snapshot of glass wool soaked with 1 mL of either SAFE r = 8 or EC/DEC 1M LiPF4 10% FEC electrolyte. A flame torch was placed in contact with the
glass wool for 3 s and then removed.

(B) Snapshot of pouch cell with either SAFE r = 8 or EC/DEC 1 M LiPF4 10% FEC electrolyte operating an LED light while placed on a hotplate, with the
temperature of the hotplate indicated in the picture.

(C) LiINMC cells with 30 puL of SAFE r = 8, 300 um Li anodes, and 2.7 mAh NMC 532 Li cathodes cycled in different C-rates at 25°C.

(D) Comparison of the current density of SAFE r = 8 with other dry polymeric electrolytes in the literature.'?" 0%

(FEC) electrolyte. Next, we placed a flame torch near the soaked glass wool for 3 s
before removing the flame, as shown in Video S1, and snapshots of the process
are shown in Figure 4A. For the carbonate electrolyte, the combustion was sustained
until all the liquids were exhausted. For SAFE r = 8, only slight charring was observed
on the glass wool (possibly due to salt and polymer degradation); more importantly,
combustion was not sustained. In comparison, the SM electrolyte is flammable, and
the combustion was sustained until all the electrolytes were burnt to a black sub-
stance (Figure S26).

Beyond flammability, we were also interested in probing the outgassing and tem-
perature operation window of this electrolyte. Hence, we proceeded to first
assemble battery pouch cells with either the SAFE r = 8 or EC/DEC 1 M LiPF, 10%
FEC electrolyte. Later, the pouch cell was used to operate a light-emitting diode
(LED), while being heated on a hotplate to preset desired temperatures. The
collected experimental results and pictures of the camera setup are shown in Fig-
ure S27 and a snapshot of this setup is in Figure 4B. For the carbonate-based elec-
trolyte, the LED was abruptly turned off when the hotplate was heated up to 95°C,
most likely due to the loss of ionic conduction pathway in the pouch cell from elec-
trolyte evaporation and degradation, as shown in Video S2. In contrast, the LED with
the polymer-based electrolyte remained lit even after holding the hotplate temper-
ature at 100°C for 6 min, as shown in Video S3.

We further demonstrated the thermal stability of SAFE r = 8 by recording the tem-
perature where significant outgassing occurred. We taped the graphite]NMC pouch
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Table 1. The relative saturation of solvents in different electrolytes

Type Organic liquid electrolyte Gel electrolyte lonic liquid electrolyte  SAFE
Composition EC/DEC 1 M LiPF6 4 M LiFSI EC/EMC PC/DEC (60 wt %) Py12FSI SAFE SAFE
10% FEC DME 1 M LiPFé LiCIO4 (15 wt %) LiFSI r=8(48h) r=8(9h)
PVDF-HFP (50 wt %  PVDF-HFP (25wt % DME (SM)
Kynar Flex 2800-00)  Kynar Flex 2800-00)
Solvent DEC DME EMC DEC DME DME DME
Relative saturation @ 94 84 38 80 5 2 0.6

100°C (%)

cell to the hotplate with Kapton tapes and compared the outgassing behavior of the
polymer electrolyte with EC/DEC + 10% FEC electrolyte (Figure S28). The pouch cell
with the polymer electrolyte did not show outgassing until the temperature reached
160°C. At that temperature, the corners of the cell rose from the pouch inflation. For
the EC/DEC electrolyte, due to the volatility of the DEC molecules, we observed the
pouch cell was inflated from solvent vapor pressure starting at 105°C. We noted that
significant outgassing of the polymer electrolyte happened at a temperature (160°C)
higher than that of salt decomposition (140°C), indicating that salt decomposition
instead of solvent outgassing is the reason for electrolyte thermal failure.

To quantify the volatility of the DME solvents in the polymer electrolyte system and
to compare that with other electrolyte systems, we measured the relative saturation
of different organic solvents in different electrolytes at 100°C with a GC chamber
(Figure S29). By integrating the area under the curve for the solvent signal peak in
the GC output and calculating the integration ratios between electrolytes and stan-
dard solvent samples, we obtained the relative saturation values, listed in Table 1.
For the SAFE r = 8 electrolyte, after drying in the vacuum oven for 48 h, the relative
saturation of DME was 2%. Further extending the drying to 96 h lowered the relative
saturation to 0.6%. Especially, we noted the difference between this polymer liquid
electrolyte and other classic gel electrolytes by measuring the relative saturation of
the lowest-boiling-point component in two widely reported PVDF-HFP-based gel
electrolytes.*’*® In both cases, the relative saturations were orders higher (38%,
80%) than our reported polymer electrolyte. Similarly, we also measured the relative
saturation for classic carbonate electrolyte (EC/DEC) and high-concentration ether
electrolyte (4 M LiFSI DME), and we found their relative saturations were also orders
higher (94%, 84%, respectively). We also found the relative saturation of DME for
SM electrolyte was more than 2-fold that of SAFE r = 8 electrolyte. This series of
measurements showcased that the residual DME in the polymer electrolyte has
significantly lower volatility than the organic solvents in other gel, and other high-
concentration (ionic-liquid based) electrolytes.

To determine the operational range and the rate capability of our polymer-based elec-
trolyte at different temperatures, we cycled LiINMC cells at both 25°C and 100°C to
chart the rate capability of the electrolyte (Figure 4C). To reach our targeted capacity
of 130 mAh/g, at 25°C, we observed that a C-rate of C/10 was needed, and, at
100°C, a C-rate of 2C was sufficient. This liquid-state polymeric electrolyte achieved
a current density of 0.27 mA/cm? at 25°C and 5.4 mA/cm? at 100°C when paired
with commercially available NMC cathodes. We note that our obtained current den-
sities are compared with that of other dry polymeric electrolytes (Figure 4D)

Conclusions
In summary, we present a concept of incorporating coordinate solvent molecules
into polymer electrolyte to give a non-flammable polymeric electrolyte with high
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room-temperature conductivity. By employing an amphiphilic polymer design of the
siloxane backbone and ionic-liquid-functioned side chains, we increased the salt sol-
ubility of the polymer. By tuning the salt and coordinated solvent content in this elec-
trolyte, we maximized the ionic conductivity (1.6 mS/cm, 25°C) without undermining
the safety feature or the thermal stability of the electrolyte. This electrolyte ad-
dresses the manufacturing difficulty of solid-state electrolyte (polymer and ceramic
based) by being in the liquid state and can be readily integrated with commercially
available electrodes and separators. Our electrolyte shows stable long-term opera-
tion in graphite]NMC full cell and has an operation range of 25°C to 100°C. The poly-
mer electrolyte design concept results in a marked improvement in the ionic conduc-
tivity and manufacturability of next-generation safe polymer-based electrolytes.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

All queries about experimental procedures can be directed to the lead contact,
Zhenan Bao (zbao@stanford.edu).

Materials availability
All relevant vendors and synthesis procedures are included in the following materials
section and in the supplemental information.

Data and code availability
All relevant data are included in the paper and its supplemental information.

Materials

Polymethylhydrosiloxane, trimethylsilyl terminated (PHMS, 100 mol % hydride, mo-
lecular weight, 2,100-2,400 g/mol) was purchased from Gelest. The Karstedt cata-
lyst solution (Pt, 2% in xylene) was purchased from Santa Cruz Biotechnology. The
5-bromo-1-pentene, N-methylpyrrolidine, lithium bis(fluorosulfonyl)imide (LiFSI)
and other chemicals and solvents were purchased from Sigma-Aldrich. All the
chemicals were used as received without further purification. Synthesis details
of the PDMS-PyFS| electrolytes are listed in the supplemental information
(Figures S30-S33).

Materials characterization and simulation

Proton NMR spectra were recorded on a Bruker DRX 500 NMR spectrometer in
deuterated solvents at 25°C. Li NMR spectra were recorded on Varian Inova
500 NMR spectrometer at 25°C. The chemical shift of the Li ion was compared
with a standard solution of 1 M LiClO4 in DO to evaluate the changes in Li shift
relative to natural field shifting. The sample was preserved in an Ar atmosphere
with epoxy sealing the NMR tube. The diffusion constants of the Li ion were
measured with pulse-field gradient NMR (DOSY NMR) on a 500-MHz Bruker
Avance |. The samples were prepared with a sealed D-DMSO tube inserted in
the middle for shimming and locking purposes. Then the sample was sealed
with a Teflon tape in an Ar environment. The DOSY-NMR measurements were car-
ried out at the effective diffusion delay A = 0.5 s and the gradient pulse duration
d = 18 ms at 80°C. The signal decay was fitted to Gaussian function to extract
out the diffusion constant. DSC experiments were performed using a TA Instru-
ment Q2000 differential scanning calorimeter. The temperature range was
—80°C-100°C under the heating/cooling rate of 5 °C min~". The glass transition
temperature was recorded on the sample during the second heat cycle. FTIR
spectra were recorded with a Nicolet iS50 FTIR spectrometer under the attenuated
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total reflectance (ATR) mode. The viscosity and rheological behaviors were evalu-
ated on a TA Instrument ARES-G2 system with a parallel plate geometry. Fre-
quency sweeps (1-100 rad/s) were performed at 2% strain at 25°C, 35°C, and
45°C, and time-temperature superimposed to 25°C. Raman spectra were
measured at 25°C on a Horiba XploRA+ confocal microscope with 532-nm laser
while the polymeric electrolyte samples are sealed between two glass slides with
epoxy. The conductivity of the polymeric electrolyte was measured with a biologic
VMP3 system by impedance spectroscopy over a frequency range from 100 mHz
to 7 MHz. The samples were sandwiched between two stainless steel spacers in
a 2032 coin cell. A Teflon ring spacer with inner hole area of 0.044 cm? and thick-
ness of 0.079 cm was used to confine the volume of the polymer sample. The X-ray
photoelectron spectroscopy (XPS) of the deposited Li surface with PHI VersaProbe
3 using a sputtering power of 5 kV and —3’ pA, and the sample surface was sput-
tered with an ion beam for 1 min before the XPS spectrum was taken. MD simula-
tion details are listed in the supplemental information (Table S2).

Cell fabrication and electrochemical characterization

All coin cell batteries were assembled in an Ar glove box kept at <0.1 ppm water and
oxygen content, using 2032 coin cell geometry with 30 pL of the polymeric electro-
lyte and a 12 pm polyethylene (PE) separator in between. Most cells used 304 stain-
less steel battery casings and spacers from MTI, except cells with NMC cathode or
cells for oxidation stability measurement, which used the MTI Al-Clad cathode
case for high voltage stability. Li|Cu cells were assembled for XPS and SEM measure-
ments; Li|Al cells were assembled for oxidation potential measurement; Li|Li cells
were assembled for transference number measurement and long-term strip and
plate cycling measurement with thick Li metal chip from MTI; LiiNMC cells were
assembled with NMC 532 (2.7 mAh/cm? from Argonne National Laboratory) cath-
odes and thin (50 pm) Li metal anodes; graphite|NMC cells were assembled with
NMC 532 (2.0 mAh/cm? from MTI) and the corresponding graphite anode. All
coin cells were fabricated and rested for 24 h before cycling at an Arbin battery
tester. Graphite]NMC pouch cells were assembled with NMC 532 cathode
(2.0 mAh/cm?, 25 mAh, from Argonne National Laboratory), its pairing anode, and
200 pL of electrolyte added. In coin cells, the cathodes were wetted with 10 pL of
the electrolyte before the separator and the rest of the electrolyte was added. No
cathode modification was performed. All pouch cells were charged to 4.0 V before
being placed on a hotplate for temperature stability demonstration. The polymeric
electrolyte used in all battery testing was SAFE r = 8. The liquid electrolyte used is
LiPF, in EC/DEC (50/50) with 10 vol % of FEC added.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2022.11.003.
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