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ABSTRACT: All solid-state batteries (ASSBs) have the potential to deliver higher energy
densities, wider operating temperature range, and improved safety compared with today’s
liquid-electrolyte-based batteries. However, of the various solid-state electrolyte (SSE)
classespolymers, sulfides, or oxidesnone alone can deliver the combined properties of
ionic conductivity, mechanical, and chemical stability needed to address scalability and
commercialization challenges. While promising strategies to overcome these include the use of
polymer/oxide or sulfide composites, there is still a lack of fundamental understanding between
different SSE−polymer−solvent systems and its selection criteria. Here, we isolate various
SSE−polymer−solvent systems and study their molecular level interactions by combining
various characterization tools. With these findings, we introduce a suitable Li7P3S11SSE−SEBS
polymer−xylene solvent combination that significantly reduces SSE thickness (∼50 μm). The
SSE−polymer composite displays high room temperature conductivity (0.7 mS cm−1) and
good stability with lithium metal by plating and stripping over 2000 h at 1.1 mAh cm−2. This
study suggests the importance of understanding fundamental SSE−polymer−solvent
interactions and provides a design strategy for scalable production of ASSBs.

KEYWORDS: composite electrolytes, interfacial engineering, high stability, solid-state batteries, scalable manufacturing

■ INTRODUCTION

All-solid-state batteries (ASSBs) are regarded as the future
energy storage technology to replace the state-of-the-art liquid-
electrolyte-based batteries due to their improved safety from
the use of nonflammable electrolytes, lower costs of
production, and the ability to operate over a wide range of
temperatures.1,2 The use of solid-state electrolytes (SSEs) is
also believed to be able to address lithium dendrite growth
problems, enabling the use of metallic lithium as the anode
with a reduced risk of short circuit in the battery.3,4 However,
despite their widely recognized benefits, ASSBs are unlikely to
compete with conventional batteries unless they can meet
combined SSE requirements such as high ionic conductivity,
suitable mechanical property, good electrochemical stability
needed for scalable processability, and high performance.5−7

Methods to produce conventional batteries on a large scale
are well established; however, because of the air/moisture
sensitivities and poor mechanical properties of sulfide- or
oxide-based electrolytes, it is challenging to adopt the
conventional slurry casting assembly setup for ASSBs
manufacturing.6,8 In terms of energy density, ASSBs still
remain inferior to conventional batteries due to the thick SSEs
used to compensate for poor mechanical properties in its
pelletized form.9,10 Most reports on ASSBs utilize sulfide or
oxide electrolyte layers ranging from 0.6 to 1.2 mm, vastly

reducing the weight fraction of active materials in the cells,
keeping their overall energy density low.2,11−13 The thickness
of electrolyte layers needs to be reduced by at least an order of
magnitude for ASSBs to compete with conventional batteries
in terms of energy density. Physical vapor deposition (PVD),
pulsed laser deposition (PLD), and sputtering have been
explored in some cases to fabricate SSE with reduced
thicknesses,2,6,14 but solvent-based techniques such as solution
casting used in conventional batteries remain most attractive
from a manufacturing point of view. To address these
limitations, using flexible composite solid electrolytes by
combining inorganic Li+ superionic conductors and polymers
has been considered a promising approach. Recent reports of
oxide-based composite electrolytes such as Li7La3Zr2O12

(LLZO) with poly(ethylene oxide) (PEO)15,16 and LiAlGe-
PO4 (LAGP) class ceramics with poly(vinylidene fluoride)
(PVDF)17 in ASSBs have generated interest for new types of
composite electrolytes, relying on their mechanical flexibility
and ability to form thin films with good electrochemical
stability. Compared to their oxide-based counterparts,
relatively few have reported the use of composite sulfide−
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polymer electrolytes to address cell energy density and
processability problems because of their chemical instabil-
ity.17−22 Among the literatures on sulfides (Li6PS5Cl/Li3PS4)
with polymers (acrylonitrile butadiene (NBR)/polyvinyl-
pyrrolidone (PVP)), promising electrochemical results on
composite conductivity and cell performance have been
reported (Table S1).20−22 However, there is still a limited
understanding of how sulfide electrolytes behave and how they
interact with various functional moieties in both polymers and
solvents. This knowledge is key toward developing successful
composite electrolytes.
In this work, we developed a scalable method to synthesize

thin, flexible, and electrochemically stable sulfide-based
composite electrolytes with high room-temperature Li+

conductivities. We hypothesize that an inert chemical environ-
ment needs to be created and maintained for sulfide species
throughout the solution process. This will suppress the high
reactivity of sulfides in the presence of solvents and polymers,
which can preserve the intrinsic high conductivity of sulfide
electrolytes. Our strategy was to systematically investigate their
electrochemical properties and interactions with solvents and
polymers to elucidate how sulfide solid electrolytes behave
with a variety of functional moieties. This was done by
applying both bulk and surface sensitive characterization tools
to different sulfide−solvent and sulfide−polymer mixtures to
probe their respective chemical compatibilities. Furthermore,
we examined their relative stability in air and demonstrate the
potential use of hydrophobic polymers to improve its moisture
stability. Our understanding led to rationale designs of
organic/inorganic composite SSE that are found to be stable
against lithium metal and show significantly improved chemical
stability in air compared with the original sulfide solid
electrolyte. This work provides a promising approach toward
scalable manufacturing of composite electrolytes to realize
high-energy ASSBs.

■ RESULTS AND DISCUSSION
SSE Material Considerations. An ideal SSE must meet

several key requirements: (1) low overall ionic resistance at
room temperature, (2) small thickness to minimize electrolyte
vol %, (3) high mechanical robustness to withstand
deformation, and (4) good electrochemical stability versus
metallic lithium.23,24 Considering these criteria, Li7P3S11 would
be an ideal candidate for this study. The glass ceramic Li7P3S11
is also known to deliver high room temperature ionic
conductivity (up to 1.3 mS/cm) by a simple cold press.25

Although the electrochemical stability window of Li7P3S11 is
narrow, various studies have found interfacial decomposition
products to have ideal properties of ionic conductivity and
interface passivation.25−27 Additionally, Li7P3S11 is a unique
glass ceramic SSE that contains various lithium thiophosphates
(P2S7

4−, P2S6
4−, and PS4

3−) within its chemical structure,
allowing effective characterization of any degradation in its
various units. In this work, we first synthesized Li7P3S11
powder, which showed expected crystal structure, chemical
composition, and intrinsic electrochemical properties (Figures
S1−S4). The as-synthesized SSE powders were used to prepare
composite electrolytes.
Polymer and Solvent Material Considerations. Con-

sidering the chemical reactivities of sulfide electrolytes, we
must account for potential interactions that might arise
between the sulfides and the polymers or solvents. Given
that chemical properties of polymers are largely dependent on

their functional groups, four types of polymers with different
functional groups are chosen for our investigation, including
PEO, poly(vinylidene fluoride)-co-hexafluoropropylene
(PVDF-HFP), NBR, and polystyrene-block-polyethylene-ran-
butylene-block-polystyrene (SEBS). These polymers have been
commonly used in battery fabrication.20,21,28−31 Additionally,
their distinct functional groups containing oxygen, fluorine, or
nitrogen make them good candidates for this study (Figure
S5). SEBS is a polymer that is comprised of only carbon and
hydrogen groups, representing another type of chemically inert
polymer for comparison. The solvents acetonitrile (ACN),
dimethyl carbonate (DMC), toluene (TOL), and p-xylene
(XYL) are chosen based on their ability to dissolve the selected
polymers (Figure S6). The polymer−solvent pair selections are
summarized in Table S2. Solid Li7P3S11/polymer composite
electrolyte films were synthesized by using the solution slurry
casting method. To understand the SSE−polymer−solvent
behavior and their selection criteria for synthesizing thin
flexible electrolyte films, we first isolated the effects of each
SSE−solvent and SSE−polymer mixtures and studied their
chemical and electrochemical compatibilities.

Li7P3S11−Solvent Compatibility. To examine the solvent
effects on the electrolyte, common solvents such as water,
methyl ethyl ketone (MEK), tetrahydrofuran (THF), N-
methyl-2-pyrrolidone (NMP), dimethylformamide (DMF),
ACN, DMC, TOL, and XYL were first used for Li7P3S11
dispersions. Various color changes were observed as seen in
Figure 1. While NMP and DMF solutions turned dark green

and blue, respectively, MEK, THF, and ACN solutions turned
yellow initially before settling to a yellowish-white color. This
is an indication of chemical degradation of Li7P3S11 when
exposed to these solvents. To characterize these degradations,
solvents were removed, and their precipitates were collected
for XRD, Raman, and XPS analyses. Only electrolyte
precipitates obtained from ACN, DMC, TOL, and XYL
dispersions were selected for characterization as they were
solvents used to dissolve the respective polymers.
As shown in Figure 2, the XRD patterns of solutes derived

from ACN and DMC solutions no longer matched that of the
pristine Li7P3S11. The crystal structure of Li7P3S11 has
completely degraded, evident from the absence of main
peaks in the pristine pattern. It is difficult to determine the
specific degradation products formed from just the XRD
patterns as it is likely a mixture of various phosphorus and
sulfide derivatives in both crystalline and amorphous phases.
Conversely, patterns derived from the TOL and XYL
dispersions (Figure 2b) remain unchanged compared to the
pristine pattern, indicating the feasibility of using these solvents
to retain the crystalline structure of Li7P3S11 during the
solution mixing process.
The Raman spectra in Figure 3a reaffirm findings in the

XRD study, where precipitates derived from TOL and XYL
dispersions were able to retain the characteristic Raman modes

Figure 1. Different solvent color changes after addition of Li7P3S11.
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of pristine Li7P3S11 (Figure 3b), while precipitates from ACN
and DMC dispersions were distinctly different. Relative
intensities of the main conduction modes P2S7

4− (406 cm−1)
decreased while PS4

3− (420 cm−1) and P2S6
4− (385 cm−1)

increased significantly. The result indicates that the dispersion
of SSE in ACN and DMC solvents favors decomposition of
Li7P3S11, generating the undesired products. There was also an
unknown product shown at the wavelength of 430 cm−1 for
solute from the ACN dispersion which requires additional
analysis to identify. According to the XRD and Raman
analyses, there are significant changes to both bulk and local
structures of electrolyte dispersed in ACN and DMC solvent
compared to pristine Li7P3S11. To identify any additional
specific decomposition products, X-ray photoelectron spec-
troscopy (XPS) was conducted on all precipitates, and
combined XPS binding energies are plotted in Figure 3c. As
the binding energies of various phosphorus and sulfur products
are similar, with energies of P2S7

4− and P2S6
4− overlapping at

161.5 eV, it was difficult to deconvolute these products from
the peak patterns. However, it was observed that peak shapes
of solutes from ACN and DMC dispersions were blue-shifted
in the phosphorus region (Figure 3c), indicating an increased
amount of PS4

3− mode, consistent with the Raman analysis.
Additionally, the XPS analysis also showed no phosphate or
sulfate products present. This suggests that solvent-induced
degradation of Li7P3S11 was not a result of any chemical

reaction with the solvents containing oxygen/nitrogen groups
but due to the degradation of the Li7P3S11 itself, forming
decomposed products such as P2S6

4− and PS4
3−. This likely

occurs from a partial or complete dissolution of pristine
Li7P3S11 in certain solvents and the subsequent reaction
forming undesired Li/P/S derivatives after the solvents were
removed. These findings agree with existing solution-based
synthesis methods of sulfide SSEs, where solvents such as ACN
are used in the dissolution and precipitation of precursors
followed by heat treatment during the synthesis process.33−35

To better understand the relationship between Li7P3S11 and
the respective solvents, we can compare the solvent relative
properties using their polarity indexes and dielectric constants.
From Table 1, one can identify a qualitative trend between the
solvent polarity and its degradative effect on Li7P3S11,
consistent with some reported literature.20,36 However, this
trend is more pronounced when dielectric constants are
considered. As the dielectric constant of the solvent increases, a
greater degree of degradation was observed visually through
their color changes as well as based on the above XRD, Raman,
and XPS analyses. To further analyze solvent polarity and
dielectric constant effects, computational methods were used
to examine their molecular level interactions.

Computational DFT Calculations of Molecular Inter-
actions. Using DFT calculations, we find that the solvation
free energies of P2S7

4− become more favorable as the dielectric
constant of solvent increases (Figure 4a), indicating that these
components are more likely to dissolve in polar solvents with
high dielectric constants. In addition, reaction energies were
calculated for two reactions involving P2S7

4−, the characteristic
building unit of Li7P3S11: 2e− + P2S7

4− → P2S6
4− + S2−

(reaction A) and P2S7
4− + S2− → 2PS4

3− (reaction B).
Reaction A forming P2S6

4− and S2− becomes highly favorable
as the dielectric constant of solvent increases (Figure 4b). This
explains the experimental observation of increased P2S6

4− after
mixing Li7P3S11 in solvents such as ACN with larger dielectric
constant (Figure 3a). In contrast, reaction B between P2S7

4−

and the S2− intermediate to form PS4
3− is more favorable for

solvents with lower dielectric constants (e.g., <10) and remains
relatively constant for solvents with dielectric constants >10.

Figure 2. (a) Rietveld refinement of pristine Li7P3S11; the refinement
model was adapted from the literature.32 (b) XRD patterns of
Li7P3S11 after dispersion in ACN, DMC, TOL, and XYL.

Figure 3. (a) Deconvoluted Raman spectra of Li7P3S11 after dispersion in different solvents. (b) Visualizations of detected lithium thiophosphates
present. (c) XPS spectra of 2p regions of sulfur and phosphorus showing the combined binding energies of Li7P3S11 after dispersion.
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This suggests that PS4
3− formation is driven by a combination

of S2− formation from the first reaction A (favored by higher
dielectric constants) and the subsequent reaction B of that
intermediate to form PS4

3− (favored by low dielectric
constants). This explains why an increase in the intensity for
PS4

3− is observed in an intermediate dielectric constant DMC;
lower dielectric constant solvents such as TOL and XYL would
limit S2− formation, while higher dielectric constant solvents
such as ACN would inhibit PS4

3− formation. These indicate
that conductive and crystalline properties of Li7P3S11 can be
retained by using solvents with relatively low dielectric
constants such as TOL and XYL.
These findings are validated by the EIS measurements

(Figure 5) of SSE powders collected after the solvent removal.
Specifically, the precipitates from ACN and DMC solvent
mixtures showed a loss of 2−3 orders of magnitude in
conductivities, at 7.4 × 10−7 and 1.1 × 10−5 S cm−1,
respectively (Table 2). This results from a large charge transfer
resistance represented by the semicircle feature in the Nyquist
plots of ACN and DMC dispersed SSE powders (Figure 5).
This is expected as the decomposed products of PS4

3− and
P2S6

4− formed are either poor conductors or insulative in
nature, contributing to increased resistance of the electrolyte.
By contrast, the conductivities of precipitates from TOL and
XYL measured at 1.12 × 10−3 and 1.19 × 10−3 S cm−1,
respectively, retain almost all the pristine conductivity of 1.2 ×
10−3 S cm−1.

Table 1. Common Solvents Used in Battery Materials and Their Polarities and Dielectric Constants. “Nil” Indicates No Color
Change Observed.

Figure 4. Li7P3S11−solvent degradation mechanism vs solvent polarity/dielectric constant: (a) P2S7
4− dissolution energies. (b) P2S7

4− reaction A
energies forming P2S6

4− and S2−. (c) P2S7
4− and S2− reaction B energies forming PS4

3−. Calculation details can be found in the Experimental
Section.

Figure 5. Nyquist plots of Li7P3S11 EIS measurements after dispersion
in different solvents, showing large charge transfer resistances from
ACN and DMC dispersions. The high-frequency inset shows TOL
and XYL dispersions.

Table 2. Conductivity Measurements of Li7P3S11 after
Dispersion in Different

solvent conductivity/S cm−1

pristine 1.20 × 10−3

XYL 1.19 × 10−3

TOL 1.12 × 10−3

DMC 1.11 × 10−5

ACN 7.4 × 10−7
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From the characterization study, it is clear that solvent
selection is crucial to the performance of composite electro-
lytes. Chemical degradation was observed in Li7P3S11 when
dispersed in polar solvents with high dielectric constants such
as ACN and DMC, while chemical structure and ionic
conductivities were retained when nonpolar solvents with
low dielectric constant such as TOL and XYL were used.
Li7P3S11−Polymer Compatibility. To examine effects of

polymer on the composite electrolyte, Li7P3S11 and respective
polymers including PEO, PVDF-HFP, NBR, and SEBS were
mixed and characterized. A 50:50 wt % ratio was used to
ensure excess of polymer in the mixtures to exaggerate any
potential reactions observed. However, no reactions or
electrolyte degradation was detected in the SSE−polymer
mixtures. The Raman spectra of all mixtures retained both peak
positions and relative intensities of lithium thiophosphate
modes P2S7

4−, PS4
3−, and P2S6

4− (Figure S3), indicating
retention of the local structures of Li7P3S11. XPS analysis was
also conducted to identify any new phosphorus and sulfur
products formed as a result of any side reactions in each
mixture. Consistent with the Raman analysis, no new reaction
or decomposition products were detected by XPS (Figure S4).
The characteristic peak patterns matched the pristine counter-
parts in both the phosphorus and sulfur regions, comprising
the main components of P2S7

4− and PS4
3−. As a result, we are

not able to detect any chemical reactions or electrolyte
decomposition from the dry mixtures of Li7P3S11 and the
respective polymers. However, this analysis does not account
for other potential interactions such as localized electrostatic
interactions or coordination between the nucleophilic
phosphorus groups in the SSE and electronegative oxygen or
fluorine groups in polymers. While it is also important to study
such behavior to understand their physical behavior, we will
focus instead on the chemical and electrochemical effects since
they ultimately determine the composite electrolyte’s proper-
ties. Accordingly, suitable polymer−solvent pairs include
polymers with weak or no electronegative groups which can
be readily dispersed in nonpolar solvents with low dielectric

constants. From the analysis, SEBS polymer and p-xylene
appear to be a suitable choice.

Electrochemical Evaluation of Li7P3S11−Polymer
Composite. Composite films of Li7P3S11 and SEBS were
fabricated by casting slurries with XYL as the solvent. The
thickness of the composite electrolyte films can be controlled
at ∼50 μm or less (Figure 6a). For this study, all composites
were synthesized with 5 wt % of polymer to minimize variables.
A lower weight percent of polymer may be used to optimize
the electrochemical performance in future studies. With this
composition, large area composite electrolyte films can be
fabricated (Figure 6b). The flexibility of composite film is
demonstrated in Movie S1. The fabricated composite film
electrolyte’s room temperature conductivity was evaluated via
electrochemical impedance spectroscopy (EIS) (Figure 6a).
Titanium blocking electrodes were used in the test, which
measured resistances of 10 ohm across the 55 μm thick film
(Figure 6), translating to an area-specific resistance of 3.9 Ω
cm2.
Its conductivity was calculated to be 0.7 mS cm−1, which is

within the expected conductivity loss from pure Li7P3S11 at 1.2
mS cm−1. Conductivity losses are expected to vary based on
the composition and can be minimized with further reductions
in polymer wt %. Addition of polymer into the composite also
introduced extra porosity into the matrix; the pores are
nonconductive and contribute to resistance of the film.
However, despite losses in specific conductivity, the significant
reduction (>1 order) in electrolyte thickness can still give rise
to dramatic decrease in the overall resistance compared to the
bulk pristine electrolyte pellets. While EIS measurements can
provide a quantitative understanding of electrolyte conductiv-
ity based on charge transfer, its limitations include the inability
to provide qualitative information such as the identity of the
conducting species. To ensure no other components such as
proton species or water adsorption influenced the measure-
ments, nonblocking electrodes were also used. Plating and
stripping were performed with 20 h per cycle by using a
current of 0.11 mA cm−2 at room temperature. The electrolyte

Figure 6. (a) Cross-section SEM image of composite electrolyte film fabricated with 95 wt % Li7P3S11 and 5 wt % SEBS. (b) Digital photograph of
a 20 cm × 6 cm casted electrolyte film and a rolled-up film (inset). (c) Nyquist plot of the composite electrolyte film. (d) Li plating and stripping
across composite electrolyte film with 100 cycles at 20 h per cycle. The inset shows the setup used. All measurements were done at room
temperature.
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film was found to remain stable over 2000 h of cycling, with a
measured overpotential of 10 mV. It is observed that the
plating overpotential of the symmetric cell was high initially
and stabilized after several cycles. This can be attributed to the
poor dotted contact between Li foil and the fresh surface of the
electrolyte film at the initial stage. We hypothesize that as
plating and stripping proceed, the gaps gradually become filled,
and the contact is improved over extended cycling, allowing
plating overpotentials to stabilize.
Air/Moisture Stability Test. The hydrophobicity of each

polymer used was first compared by measuring their contact
angles with water (Figure S7). SEBS was found to be the most
hydrophobic polymer (with a contact angle of 103°) in the
study. Subsequently, moisture stability in air of the composite
electrolyte was tested based on the quantity of H2S evolved
during air exposure of Li7P3S11 (Figure 7a). The use of
hydrophobic SEBS in the composite electrolyte was found to
significantly improve the film’s moisture stability in air with a
relative humility of 50−55% compared to the bare Li7P3S11
powder. Using 5 wt % of SEBS in the composite electrolyte, we
observed considerably reduced H2S evolution compared with
bare Li7P3S11 samples under the same exposure condition
(Figure 7b).
To further examine the effects of moisture on the electrolyte

stability, distilled water was gradually added to a dish
containing 100 mg of bare electrolyte and the composite
electrolyte film (Movie S2). From Figures 7c and 7d, it is
observed that the bare electrolyte completely degraded upon
contact with water, while the composite electrolyte film
remained intact despite being fully submerged in water
(Figures 7e and 7f). This result indicates that use of
hydrophobic polymers can help to stabilize the water-sensitive
Li7P3S11 electrolyte in moisture, potentially improving the
processability of sulfide-based electrolytes in dry room
conditions if other superhydrophobic materials can be used.

■ CONCLUSION

In summary, this study seeks to elucidate various polymer and
solvent interactions and their compatibilities with a represen-
tative sulfide solid electrolyte. We demonstrated that by using
an SSE such as Li7P3S11, in combination with nonpolar
solvents of low dielectric constant such as p-xylene and a
corresponding polymer without electronegative functional
groups such as SEBS, highly conductive (∼0.7 mS cm−1)

thin electrolyte films (∼50 μm) with good mechanical
properties can be fabricated. The composite electrolyte film
was also found to be electrochemically stable with lithium over
long cycles of plating and stripping (2000 h, 1.1 mAh cm−2 per
cycle), potentially enabling the use of metallic lithium anode in
ASSBs. Moreover, the use of hydrophobic SEBS was also
found to improve moisture stability of Li7P3S11 in air. The
principles of SSE−polymer−solvent selection found in this
study can be further extended to other SSE−polymer−solvent
compositions and optimized to achieve better performance.
Additionally, the knowledge gained in this study may provide
new material selection philosophy and lead to development of
future scalable methods to produce high-performance, low-cost
ASSBs.

■ EXPERIMENTAL SECTION
Glass Ceramic Synthesis. Li7P3S11 was synthesized by using the

melt quench process developed in an earlier study.25 Precursors Li2S
(99.98%, Sigma-Aldrich) and P2S5 (99%, Sigma-Aldrich) were mixed
in an agate mortar and pestle for 15 min in the following
stoichiometric ratio: 70Li2S:30P2S5. Once mixed, the powder was
vacuum-sealed in a quartz tube. The sealed tube was heated to 750 °C
over a period of 4 h, with 1.5 h of ramping time. Subsequently, the
tube was quickly quenched in an ice bath. Upon cooling, the glassy
SSE powder was once again mixed in an agate mortar and pestle for
15 min, sealed in a vacuum quartz tube. The sealed tube was then
placed in a preheated furnace at 300 °C for 2 h. Subsequently, the
tube was quickly removed from the box furnace and quenched in an
ice bath. Upon cooling, the final glass ceramic Li7P3S11 was grinded in
an agate mortar and pestle for 15 min before use.

Preparation of SSE−Solvent/Polymer Mixtures for Charac-
terization. All solvents and polymers were obtained from Sigma-
Aldrich. Solvents used were in anhydrous forms or dried with
molecular sieves. Polymer powders were first dried in a heated
vacuum oven before use. To prepare sulfide/polymer mixtures, the as-
synthesized Li7P3S11 powder was mixed with different polymers in a
vial at a 50:50 wt ratio. The vial was mixed in an ARM 310 Thinky
mixer for 3 min at 2000 rpm and allowed to rest for 1 day before
characterization. To prepare the sulfide/solvent mixtures, equal
amounts of as-synthesized SSE powder were added to 5 mL of each
solvent. The mixtures were hand-swirled briefly to disperse the
powders before allowing to rest for 1 h. Subsequently, the solvents
were removed by heating at 60 °C under vacuum overnight to obtain
the residual solutes. To eliminate air exposure, all samples were
collected and prepared in an argon-filled environment.

Composite Film Casting. In a typical experiment, 250 mg of
SEBS polymer was added to 10 mL of solvent. The vial was capped
and left to stir until the polymer was fully dissolved. To prepare the

Figure 7. (a) Setup used for H2S gas measurements from 100 mg of Li7P3S11 hydrolysis in air. (b) H2S amount released vs time for fixed volume air
exposed to 100 mg of bare Li7P3S11 and 100 mg of composite with hydrophobic SEBS polymer. (c, d) Bare Li7P3S11 before and after flooding in
water, showing full hydrolysis and disappearance in water. (d, e) Composite electrolyte film before and after flooding in water, showing retention of
the film.
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electrolyte slurry, SSE was first weighed into a Thinky mixer vial
before the polymer solution was added. The vial was then capped and
sealed to prevent air exposure before mixing for 3 min under 2000
rpm. After mixing, the slurry was casted with a doctor blade and left to
dry at room temperature for 1 h and overnight at 60 °C under
vacuum. Casting was done either on an aluminum current collector or
a Teflon plate. The dried films cut from the current collector or
peeled from the Teflon plates were pressed under 370 MPa of
pressure for at least 3 min before use.
Air Stability Evaluation. The amount of H2S gas generated from

the composite electrolyte film due to reaction with moisture in air was
measured. A H2S gas monitor (SensorCon, Industrial Pro), a fan, and
the electrolyte film were sealed in an air-filled 0.31 ft3 desiccator (Bel-
Art Products). The air temperature was 22−24 °C with a relative
humidity between 50 and 55%. Measurements were taken from the
H2S gas monitor over a period of 10 min and compared against 100
mg of bare Li7P3S11 electrolyte. The contact angle of each polymer
was collected by using a Rame Hart goniometer and measured with a
DROPimage Advanced tool.
Materials Characterization. X-ray diffraction (XRD) was

conducted by using Cu Kα radiation (λ = 1.54178) over a 2θ range
of 5°−70° with a step size of 0.01°. XRD Rietveld crystal refinement
was conducted by using the Full-Prof software, and the lattice
parameters were reported. A PerkinElmer RamanStation 400F
spectrometer was used to collect Raman spectra intensity values
from 134 to 1500 cm−1. Raman spectra were then deconvoluted with
a range of 350 and 455 cm−1 using least-squares fitting. A FEI Quanta
250 scanning electron microscope was used to characterize the film
thickness as well as surface morphology. Thickness of films were
noted using the cross-section measurement tool. The AXIS Supra
XPS by Kratos Analytical was used to study the chemical degradation
of Li7P3S11 when exposed to the various polymers and solvents.
Binding energies of the mixtures in the phosphorus and sulfur regions
were examined against pristine Li7P3S11. The XPS spectra were
collected by using an emission current of 5 mA and over an area of
700 μm × 300 μm. The spectra were analyzed by using CasaXPS
software.
Electrochemical Characterization. EIS measurements were

performed with a Solartron 1260 impedance analyzer for the pristine
SSE, synthesized electrolyte films, and precipitates derived from
different solvents. An applied ac potential of 30 mV over a frequency
range from 1 MHz to 1 Hz was used for the EIS measurement. The
composite films were pressed at 370 MPa before being cut into
circular discs and placed between two titanium blocking electrodes for
measurements. In the symmetric cells, Li foils were placed on both
sides of the free-standing film, and lithium plating and stripping were
conducted across the film.
Density Functional Theory (DFT) Calculations. The solvation

and reaction energies of sulfur and thiophosphate anions are
calculated by using the Gaussian 09 quantum chemistry package.37

The hybrid B3LYP density functional based on Becke’s three-
parameter exchange functional38 and the correlation functional of Lee,
Yang, and Parr39 were chosen for all calculations. Geometry
optimizations were performed at the B3LYP/6-31+G(d) level,
followed by single-point energy calculations at the B3LYP/6-
311+G(2d,p) level. The inclusion of diffuse functions in the basis
sets ensures an adequate description of the diffuse electron cloud of
anions. An SMD solvation model is adopted for all calculations
involving solvents.40
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