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ABSTRACT: Hybrid ceramic−polymer solid state electrolytes are promising candidates to enable energy-dense lithium metal
batteries by leveraging inorganic high ionic conductivity and flexible polymer mechanical properties. However, studies of hybrid
electrolytes using sulfide-type inorganics such as Li3PS4 (LPS) have largely focused on combining the inorganic with commercial
poly(ethylene oxide) (PEO). PEO has proven to be insufficient for use in hybrid systems because it reacts with LPS and provides a
competing pathway for ion transport, therefore producing a hybrid with low conductivity. Our work shows that using
nonconductive, nonpolar polyethylene (PE) in hybrid electrolytes with LPS eliminates both polymer and inorganic degradation and
remarkably, exhibits higher conductivities than those containing PEO at different polymer and salt concentrations. Using tracer-
exchange NMR, we observe that the nonconductive nature of PE allows for ion transport through the inorganic whereas PEO
provides a separate, competing pathway for lithium transport. Furthermore, compared to pure LPS, these hybrids enable longer term
lithium cycling at 60 °C. Our work shows that the path to enabling conductive and stable sulfide hybrids for solid state lithium-metal
batteries may be through the use of nonconductive, nonreactive polymers.
KEYWORDS: Li metal, batteries, electrolytes, composites, Li ion, inorganic, polymer

■ INTRODUCTION
The electrification of transport necessitates the development of
low-cost and energy-dense batteries. Lithium-ion batteries,
currently state-of-the-art, may not be sufficient for mass
adoption in the electric vehicle market because of the low
gravimetric capacity of graphite (372 mAh g−1) when
compared to lithium metal (3860 mAh g−1).1,2 However, the
commercialization of lithium-metal batteries requires the
development of safe, electrochemically stable electrolytes that
can interface with the highly reactive lithium anode and
facilitate ion transport through the battery cell.3 Commercial
carbonate liquid electrolytes, which currently enable Li-ion
batteries, have proven to be inadequate for use in lithium-metal
batteries. These electrolytes are volatile as well as flammable
and have shown the propensity to form lithium dendrites
which consume the electrolyte and hasten cell failure.1,4 While
approaches have been made to overcome the barriers posed by
liquid electrolytes by studying fluorinated systems,3,5 high-

concentration electrolytes,6 and tuning molecular and solvation
structure,7 challenges still remain.
Solid state electrolytes are a promising alternative to liquids,

with conductivities that approach, and in some cases surpass,
those of commercial carbonate electrolytes.8,9 Additionally,
solid electrolytes can be nonflammable and nonvolatile.8

Inorganic electrolytes have high room temperature conductiv-
ity, but the mechanical properties of these materials are
poor.10,11 They are brittle12 and prone to cracking,13 and their
high Young’s modulus (typically >10 GPa) suggests that they
are inflexible and have a low formability in response to the
pressure and volume changes that occur during battery
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cycling.14,15 To offset the poor mechanical properties of
inorganics, hybrid inorganic−polymer electrolytes have been
studied. Polymers, by contrast, have a low Young’s modulus
(typically <10 MPa)16 and are highly flexible, making them
suitable for withstanding volume changes during battery
cycling.17 Previous work on hybrid electrolytes has focused
on mixing poly(ethylene oxide) (PEO), the state-of-the-art
polymer electrolyte, with various classes of inorganic
compounds, typically oxides (Li7La3Zr2O12), phosphates
(Li1.3Al0.3Ti1.7(PO4)3), or sulfides (Li3PS4). Sulfide-type
inorganics are preferred because of their high, room-temper-
ature conductivity (10−4−10−2 S/cm)18,19 and lower grain
boundary resistance when compared to phosphates and
oxides.20,21 Work from Hu et al.22 and Janek et al.23 has
demonstrated that in PEO-Li10GeP2S12 (LGPS) hybrid
electrolytes, the mixture of the polymer and the inorganic
forms a passivating interfacial layer with lithium metal,
enabling lower overpotentials and longer cycle life than the
pure LGPS despite the lower overall hybrid conductivity.
Although PEO−sulfide-based hybrids have demonstrated
better cycling performance, the challenges of lower con-
ductivity (10−5−10−4 S/cm) compared to the inorganic
(10−4−10−2 S/cm) and PEO degradation still remain.22

Extensive work from Janek et al.23,24 and Sedlmaier et al.25

has demonstrated that both the PEO and the sulfide-type
inorganic degrade when mixed in a hybrid, often forming
products that could hamper ion conduction within the hybrid.

Additionally, previous work from Hu et al. on PEO−
LLZO26,27 and PEO−LGPS22 electrolytes has demonstrated
that PEO provides an alternative, competing pathway for Li-
ion conduction in hybrids. Using 6Li → 7Li isotope-exchange
nuclear magnetic resonance (NMR) spectroscopy, the authors
demonstrated that, depending on the concentration of PEO
and LLZO (or LGPS) in the hybrid, Li ions will either
preferentially move through the PEO, or an interphase created
by the degradation of the two phases upon mixing,27

subsequently lowering the overall conductivity of the hybrid
when compared to the pure inorganic.22,28 Because the
inorganic electrolyte is the component with the highest ionic
conductivity, the question remains if using a conductive
polymer in a hybrid system is necessarily the best design choice
for hybrid electrolytes. There are currently few systematic
investigations regarding the role of polymer on hybrid
electrolyte performance, so it is unclear whether using
conductive or nonconductive polymers is preferable. Previous
work on non-PEO-based hybrid systems has used polyacrylo-
nitrile (PAN)29−31 as the polymer component; however, it is
quite common for these studies to use a plasticizer (such as
LiClO4 salt or TEGDME).30,31 Some work on hybrids using
poly(vinylidene fluoride) (PvDF), a nonconductive polymer,
has been done,32−34 but further fundamental studies are
needed to elucidate the impact of polymer selection on overall
hybrid electrolyte electrochemical performance.

Figure 1. XPS of PE and PEO hybrid electrolytes. (a) C 1s of PEO−LPS-10 wt % (r = Li:EO = 0.05), (b) C 1s of PE−LPS-10 wt % (r =
Li:monomer = 0.05), (c) O 1s of PEO hybrids, (d) F 1s of both PE and PEO hybrids, and (e) Li 1s of both PE and PEO hybrids. LPS: Li3PS4; PE:
polyethylene; PEO: poly(ethylene oxide).
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In this work, we discover that the use of nonconductive
polyethylene (PE), a nonreactive, cheap polymer, suppresses
reactivity and leads to higher ionic conductivity in hybrid PE−
LPS electrolytes when compared to PEO−LPS at low polymer
concentrations. Using solid-state NMR (ssNMR), XPS, and
UV−vis spectroscopy, we identify degradation products that
result from polymer and inorganic interaction. We find that, as
expected, both PEO and LPS degrade upon mixing. We solve
this challenge by showing that hybrids using PE lead to both
polymer and inorganic stability. Additionally, using electro-
chemical impedance spectroscopy (EIS) and isotope exchange
NMR, we show that switching to a nonconductive polymer
eliminates the challenge of competing conduction pathways.
This artificially forces conduction through the inorganic phase
and leads to higher ionic conductivity than PEO hybrids. We
show that both polymer hybrids outperform the pristine LPS
in Li||Li half-cells cycled at 60 °C, and the PE hybrids have a
lower interfacial impedance with Li metal and support lower
overpotentials for the stripping and deposition of Li than PEO
hybrids. The discovery of this novel hybrid shows that the path
to enabling high conductivity and good lithium metal cycling
may lie in using nonreactive, nonconductive polymers. Our
understanding will help expedite the development of hybrid
solid state electrolytes to enable the commercialization of
lithium-metal batteries.

■ RESULTS AND DISCUSSION
Impact of Polymer Selection on Hybrid Electrolyte

Reactivity. The polar ether functionality within PEO appears
responsible for polymer and sulfide degradation; hence, we

hypothesized that a nonpolar, nonconductive, aliphatic
polymer such as polyethylene (PE) will suppress reactivity
while enabling high ionic conductivity. Two hybrids were
synthesized with 10 wt % polymer (PEO or PE) and 90 wt %
amorphous Li3PS4 (LPS) with a small amount of bis(trifluoro-
methanesulfonyl)imide (LiTFSI) salt (r = Li:monomer (EO or
E) = 0.05). X-ray photoelectron spectroscopy (XPS) (Figure
1) was performed to determine any surface changes due to
polymer interaction with LPS. Figures 1a and 1b show the C 1s
of the PEO and PE hybrid, respectively. For the PEO hybrid,
the ratio of the C−O−C moiety (286.7 eV) to the C−C peak
(284.8 eV) decreases compared to pure PEO, and a new peak
appears at 288.3 eV, assigned to polymer degradation in the
form of O�C−OR.35 Furthermore, the corresponding O 1s
signal for the new peak appears at 535 eV (Figure 1c).36 Salt
degradation was also observed. The F 1s spectrum shows a
signal for the TFSI anion (−CF3 termination at 685 eV) and
LiF formation from salt degradation at 682 eV for the PEO−
LPS hybrid (Figure 1d) as previously reported in PEO−sulfide
hybrids.23,24 In the PEO hybrid Li 1s spectrum, one peak is
observed at 56 eV, corresponding to LPS (Figure 1e). The
small amount of LiTFSI salt made the observation of a C 1s
and Li 1s peak for the anion and cation difficult. This, however,
does not indicate that the inorganic remains intact upon
mixing with the polymer (discussed later). In contrast, there
are no changes to the C 1s and F 1s XPS spectra for the PE
hybrids (Figure 1b,e), indicating that the PE (unlike PEO)
remains structurally intact when mixed with LPS. Interestingly,
no LiF degradation products can be observed for the PE−LPS

Figure 2. Probing polymer degradation by solid state and solution phase NMR. (a) 1H MAS ssNMR of a 10 wt % PEO−LPS hybrid and (b) the
corresponding solution phase 1H spectrum. +: unknown degradation products from PEO or BHT (butylated hydroxytoluene). (c) 1H MAS
ssNMR of a 10 wt % PE−LPS hybrid and (d) the corresponding solution phase 1H spectrum. ∗: water contamination in (d). All solid state 1H
spectra were referenced to adamantane, and all solution phase 1H spectra were referenced to tetramethylsilane (TMS). MAS at 20 kHz.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.2c01388
ACS Appl. Energy Mater. 2022, 5, 8900−8912

8902



hybrid, suggesting that PEO enhances LiTFSI degradation in
the PEO−LPS hybrid.
While XPS is an important technique to probe surface

reactivity (reliable up to ∼5 nm), it provides very limited
information for sample bulk composition. Therefore, to probe
polymer degradation in the bulk, Figures 2a and 2b
demonstrate the corresponding solid and solution phase 1H
NMR spectra, respectively, of a 10 wt % PEO and 90 wt % LPS
hybrid. No lithium salt was added to this hybrid to delineate
the specific polymer degradation products without the
influence of LiTFSI.
In Figures 2a and 2b, the ether moiety (CH2O) of pure PEO

exhibits a strong, sharp peak around 3.54 and 3.67 ppm for the
solid state and solution state 1H NMR, respectively.37

Additionally, the PEO hybrid displays peaks at 1.43, 2.30,
and 0.9 ppm which could arise from degradation of butylated
hydroxytoluene (BHT) inhibitor present in high molecular
weight PEO. However, the inhibitor concentration is ∼200
ppm and is therefore dwarfed by the PEO proton resonance
(Figure S3); therefore, these peaks were difficult to assign.
Regardless, the hybrid LPS−PEO spectrum does exhibit
several new peaks. One peak appears at 5.5 ppm assigned to
the ester functional group COOR, a common degradation
product of deprotonated PEO and other ether-based
solvents,38,39 and has also been shown to form in PEO−
sulfide hybrid electrolytes.23−25 This product was observed in
our C 1s XPS spectrum (Figure 1a) for this hybrid.
Additionally, new peaks are observed at 1.32 and 1.8 ppm
corresponding to the formation of terminal methyl groups
(R3C−H) and allylic moieties (R2C�CR−CH), respectively.
Both species have been reported to form as degradation
products resulting from deprotonated PEO.38,39 We expect
that the degradation products observed in the liquid spectrum
contribute to the large, broad peaks in the solid state spectrum
(Figure 2a).

In contrast, the pure PE and PE−LPS hybrid spectra exhibit
very few differences in peak position or shape in the 1H
ssNMR spectra, especially when compared to PEO and its
hybrid (Figure 2c). Figures 2c and 2d show the CH2 and CH3
peaks in both the ssNMR (1.27 and 0.89 ppm, respectively)
and solution state NMR (1.18 and 0.81 ppm).40,41 However,
the line width of the solid state PE spectrum doubles when
moving from the pristine PE to the hybrid PE system. To
elucidate if the line width broadening arose from polymer
degradation, solution phase NMR was also performed on this
hybrid, and no additional peaks were observed (Figure 2d).
The liquid phase spectra strongly indicate that the line width
broadening observed in the solid state spectra were not the
result of polymer degradation and likely the result of a more
“disordered environment” arising from simply mixing LPS and
PE together.42,43

Although the 7Li ssNMR (Figure S4) and Li 1s XPS spectra
show no change in the lithium environment of the LPS, this
does not mean that the inorganic remains fully intact within
the hybrid. Figure 3e shows that the pure LPS exhibits a bright
yellow-green color, which is consistent with literature reports
for this material.9,12 However, once the PEO−LPS hybrid
samples were heated to 120 °C for conductivity measurements,
an orange color was observed for the PEO hybrid, but no color
change was observed for the PE hybrid, additional evidence of
an undesired reaction. A yellow-orange color has been
previously reported for PEO−sulfide hybrid materials and
has been attributed to the formation of polysulfides.25

Therefore, sulfur XPS was performed on unheated samples
(Figure 3), and the hybrid shows the rise of new peaks at 160.5
and 161.8 eV that can be attributed to the formation of
polysulfide anions.23,24,44 Again, the PE−LPS hybrid is stable,
and no polysulfide formation is observed (Figure 3). We must
note that the polysulfide peaks (in the PEO hybrid) are quite
small, likely due to the low PEO concentration (10 wt %) (see

Figure 3. Probing polysulfide formation using XPS and UV−vis. (a) S 2p spectrum of pure LPS exhibiting two phases: PS43− and the minor anion
P2S64−. (b) S 2p spectrum of unheated 10 wt % PE−LPS with LiTFSI concentration of r = 0.05. (c) S 2p spectrum of unheated 10 wt % PEO−LPS
with LiTFSI concentration of r = 0.05; polysulfide anion peaks (Sx) are observed. (d) UV−vis spectrum of pure LPS and 50 wt % PE and PEO
hybrids that were heated at 120 °C for 3 h. (e) Optical images of hybrids heated to 120 °C, where the color changes are observed in PEO hybrids
but not PE hybrids.
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Figure S5 for further discussion of the XPS fitting). Hence,
UV−vis (Figure 3d) was performed to conclusively probe
polysulfide formation. Figure 3d shows the rise of peaks at 340
and 420 nm attributed to S64− and S42− polysulfide anions25 in
50 wt % PEO (r = 0) hybrids (heated at 120 °C), while no
polysulfide species are observed in heated pure LPS and 50 wt
% (r = 0) PE−LPS hybrids. A potential mechanism for the
formation of polysulfides in PEO−sulfide hybrids was
proposed by Sedlmaier et al.25 where deprotonated PEO,
caused by intermolecular fragmentation, could react with the
PS43− units in LPS to form sulfates and polysulfide anions.
The stability difference between PE and PEO is also

observed in other hybrids with different polymer concen-
trations by using differential scanning calorimetry (DSC)
(Figures S6 and S7). The LPS crystallization temperature is
maintained throughout all PE hybrids, irrespective of salt
concentration or molecular weight, whereas the crystallization
peak in the PEO hybrids is depressed significantly (Table S1).
The distinct change in the peak indicates that the PEO can
suppress the interparticle interactions of LPS, whereas PE does
not. This is a similar phenomenon to the suppression of PEO
crystallization by using inorganic additives, where the inorganic
inhibits particle−particle interactions within PEO.45,46 The
XPS, NMR, and UV−vis data show that the polymer, salt, and
LPS degrade in PEO−LPS hybrids but not in PE−LPS
hybrids.

Pathways of Ion Conduction in Conductive and
Nonconductive Polymer Hybrids. While using a nonpolar
polymer mitigates both polymer and inorganic degradation, the
question of electrochemical performance between the two
hybrids remains. To understand the role of the polymer on
hybrid electrolyte performance, the effect of the polymer
concentration and molecular weight on conductivity was first
explored.47,48 Figure S8 shows that the optimal conductivity
for a hybrid with 10 wt % (15.6 vol %) PEO occurred when the
molecular weight was set to 100,000 g/mol (1.72 × 10−5 S/
cm). The two salt concentrations were chosen to test the two
extremes: no salt loading (r = 0) and high salt loading (r =
0.1). The hybrid with a salt concentration of r = 0.1 was
composed of 90 wt % (84.4 vol %) inorganic and 10 wt %
“polymer with salt” (9.91 wt % polymer and 0.09 wt % salt, or
15.4 vol % polymer and 0.2 vol % salt), A lower molecular
weight PEG (35,000 g/mol) was also used to match the
molecular weight of the PE used in this study but had much
lower ionic conductivity (Figure S8). Therefore, the 100,000
g/mol molecular weight was selected for PEO. The reasons for
molecular weight effects will be explored in a future work.
Figure 4 displays the temperature-dependent ionic con-

ductivity of 10 and 50 wt % PE/PEO hybrids (with and
without salt). As demonstrated by Figure 4a, the conductivity
of LPS follows an Arrhenius dependence and has a
conductivity of 3.33 × 10−4 S/cm at 20 °C. Interestingly,

Figure 4. Hybrid ionic conductivity. Ionic conductivity of (a) polymer hybrids with no salt (r = 0) and (b) polymer hybrids with a salt content of r
= 0.1. (c) Conductivity of all hybrids at 20 °C. (d) DSC of hybrids with no salt. Conductivity was averaged over two separate batches of the same
hybrid, each made by two researchers (at least three cells each). To show the variation between hybrid batches, the raw conductivity data for each
hybrid made by researcher 1 or researcher 2 can be found in Tables S3 and S4.
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between the two 10 wt % PE and PEO hybrids (corresponding
to 90 wt % LPS), the PE hybrid has the best conductivity, 7.37
× 10−5 S/cm. The 10 wt % PEO hybrid exhibits a conductivity
that is approximately an order of magnitude lower than pure
LPS and less than half of the PE hybrid, 1.72 × 10−5 S/cm at
20 °C.
All curves in Figures 4a and 4b were first fit according to the

Arrhenius equation

i
k
jjj y

{
zzzA

E
RT

exp a=
(1)

where σ is the ionic conductivity, Ea is the activation energy, T
is the temperature, and R is the ideal gas constant (8.314 kJ/
mol). An Arrhenius-type dependence, which is typically
reported for inorganic systems,49 was found for the pure LPS
and the 10 wt % PE/PEO (r = 0) hybrids. The fitting results
for these samples are displayed in Table S2. The activation
energy for pure LPS is ∼34.3 kJ/mol, consistent with literature
reports.50,51 Additionally, the activation energies for the 10 wt
% PE and PEO hybrids were found to be 35.6 and 40.5 kJ/mol,
respectively, a slight increase from that of the pure LPS, with
the PE hybrid having the closest activation energy to pure LPS.
The R2 values for the Arrhenius fits for these three samples
were greater than 0.9, indicating a high goodness of fit and
strongly suggesting that the primary mode of ion conduction is
through the inorganic LPS. To corroborate this observation,
the curves were also fit according to the Vogel−Tammann−
Fulcher (VTF) equation, a model that relates the conductivity
to thermal transitions in polymer electrolytes:

i
k
jjjjjj

y
{
zzzzzzA

E
R T T

exp
( ( 50))

a

g
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(2)

where the conductivity is dependent on the polymer glass
transition temperature (Tg) minus 50 deg.52 The Tg was
computed in the fit and also measured via differential scanning
calorimetry (DSC). For both 10 wt % PE and PEO hybrids the
R2 value was about 0.1−0.2, indicating that the VTF model was
unable to fit the conductivity data. Additionally, DSC

experiments (Figure 4d) for these hybrids exhibited no
polymer Tg in the expected region, suggesting that at least
for the PEO hybrid the LPS inhibits the polymer glass
transition, or the concentration of PEO is too low for a glass
transition to be observed. To further investigate, a solution cast
analogue to the ball-milled 10 wt % PEO hybrid was prepared
(Figure S9) and exhibited a conductivity similar to that of the
ball-milled sample. However, the shape of the conductivity
versus temperature curve exhibited a VTF dependence, as
opposed to an Arrhenius dependence, and DSC of this
solution-cast PEO hybrid (Figure S10) revealed what appears
to be a Tg around −50 °C, demonstrating that even at 10 wt %
the polymer can still undergo thermal transitions when mixed
in a hybrid electrolyte. The difference in the DSC and
conductivity curves for a solution-cast and ball-milled sample
containing 10 wt % PEO indicates that the method of
processing, and morphology plays a strong role in overall
hybrid performance.13

At higher PEO concentrations, significant changes to the
ionic transport mechanism appear. First, the 50 wt % PE
hybrid still showed an Arrhenius-type dependence, whereas the
50 wt % PEO hybrid exhibited a VTF dependence (Tables S1
and S2), a strong indication that Li ions move through the
polymer in the PEO hybrid. Figure 4d displays the resulting
DSC curves in the temperature range where the Tg of PEO is
known to occur. For the 50 wt % PEO hybrid, a glass transition
temperature was observed, the midpoint of the transition
occurring at −44.38 °C. The fitted Tg from the VTF equation
for this hybrid was −50.14 °C, very close to the measured
value. For PEO to participate in conduction, the polymer must
operate above its Tg and undergo segmental motion.52 Yet, the
question of how PEO can shuttle Li ions without salt still
remains. Using insights generated from the earlier discussion
on PEO reactivity, we speculate that the polysulfide species
from LPS degradation can dissolve in PEO and participate in
ionic conduction.24 Lithium polysulfide species are known to
readily dissolve in ethers and PEO.53,54 For the PE hybrids, no
Tg was observed, likely because the Tg (about −100 °C) is
below the DSC operating range, but regardless, the polymer

Figure 5. Isotope exchange NMR. 6Li solid state MAS NMR spectra of (a) pristine and cycled PEO−LPS-50 hybrids, r = 0.1, and (b) pristine and
cycled PE−LPS-50, r = 0.1 hybrids. Hybrids were cycled at a current rate of 10 μA cm−2 to 1.67 μAh cm−2 for 10 cycles. Samples were spun at 20
kHz, and the recycle delay time was set to 50−60 s. A total of 2048 scans were taken to ensure high-quality spectra.
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would be unable to participate in conduction given the lack of
polar functional groups that could coordinate Li ions. This
therefore strongly suggests that at 50 wt % LPS and PE the
primary mode of Li-ion conduction is through the inorganic
itself, therefore eliminating any competing transport pathway
through the polymer, as is present in the 50 wt % PEO hybrid.
This should be the case regardless of whether the PE hybrid
contains LiTFSI salt, primarily because LiTFSI does not
dissolve in PE (unlike in PEO) and should exist as
nonconductive LiTFSI crystals as opposed to Li ions.
To elucidate the pathways of Li-ion conduction particularly

in high polymer concentration hybrids, 6Li → 7Li isotope
exchange NMR was performed (Figure 5). Isotope exchange
NMR has been used to help determine pathways of lithium
conduction in both sulfide and oxide polymer hybrids.26−28

For this experiment, a 50 wt % LPS and 50 wt % polymer + salt
(r = 0.1) hybrid was synthesized, and two peaks were observed
in the pristine (precycled) spectra for both PE and PEO. The
main peak at 0.5 ppm was assigned to LPS, and the minor peak
at −1.3 ppm was assigned to LiTFSI.22,28 The natural
abundance of 6Li and 7Li is 7.6 and 92.4%, respectively. The
hybrid electrolytes were cycled with 6Li-enriched lithium metal
electrodes to allow 6Li to pass through the electrolyte and
partially replace 7Li. The postcycling spectra were taken, and
the resulting mol % concentration of 6Li in the electrolyte was
determined by integrating the two peaks and setting the
integral sum to 100%. Table S9 displays the results from the
integral fits and the subsequent change after cycling. To show
the reproducibility of these data, an additional set of spectra
are included in Figure S11.
From the integration results, in the PEO hybrid, the change

in the LiTFSI peak was +3.58%, whereas in the PE hybrid the
change in the LiTFSI peak was <1%. The small change in the
LiTFSI peak for the PE hybrid spectrum indicates that the

primary role of conduction remained within the LPS.
Additionally, the full width at half-maximum (FWHM) of
the LPS peak in the PE hybrid exhibited no change before and
after cycling with 6Li (520−532 Hz for the pristine and cycled
samples). In contrast, the intensity of the LiTFSI peak in the
cycled PEO hybrid increased more than 3 times compared to
the PE hybrid, indicating that the PEO participates in ion
conduction in the 50 wt % hybrid. Additionally, the FWHM of
both the LPS and LiTFSI peaks increased after cycling. The
FWHM of the LPS peak increased from 520 to 680 Hz, and
the line width for the LiTFSI peak increased from 600 to 800
Hz, a phenomenon that has been observed in previous isotope
exchange studies.26,28 The increase in the line width for the
LPS peak indicates a more “disordered” lithium environment
for the inorganic, which could potentially arise from
coordination between the polymer ether functional group
and the LPS.55 Additionally, the line width increase could be
due to degradation of the LPS, which has been shown to form
polysulfides during cycling with lithium metal,56 or the
formation of a conductive interphase between the polymer
and LPS caused by the degradation of the two components,
which has been suggested by previous studies.22,27

The increase in the line width of the LiTFSI peak can
potentially be attributed to the suppressed crystallinity of the
PEO polymer once mixed with LPS, which is necessary in
order for PEO to conduct Li ions.57 The line width increase
and reduction in intensity of the LPS peak in the PEO hybrid
indicate that a reaction between the polymer and the inorganic
occurs during cycling23,24 and that lithium ions are shuttled
away from the LPS conduction pathway and through either the
polymer or a potential conductive interphase. By contrast, the
pristine and cycled PE hybrid exhibits no change in either the
intensity or line width of the LPS peak, strongly indicating that
LPS remains the primary role of ion transport in this hybrid.

Figure 6. Impedance and cycling of Li/Li cells with LPS and polymer hybrids. Cycling performance of (a) pure LPS, (c) PEO-LPS-10, r = 0, and
(e) PE-LPS-10, r = 0, at 60 °C using a current rate of 0.05 mA cm−2 to a capacity of 0.05 mAh cm−2. (b) Electrochemical impedance of LPS Li/Li
cells at 20 °C before and after 25 cycles, (d) impedance of PEO hybrid Li/Li cells at 20 °C before and after 500 cycles, and (f) impedance of PE
hybrid Li/Li cells at 20 °C before and after 500 cycles. The “spikes” in (c) and (e) were due to temperature fluctuations from opening the
environmental chamber.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.2c01388
ACS Appl. Energy Mater. 2022, 5, 8900−8912

8906



Taken together, the results from the isotope exchange NMR
and impedance demonstrate that the use of a nonconductive,
nonpolar polymer (such as PE) inhibits any coordination of
the polymer and inorganic and prevents the polymer from
participating in ion conduction. However, the use of a
conductive polymer presents an alternative conduction path-
way beyond the inorganic alone. This alternative conduction
pathway appears to be more prominent in a ball-milled hybrid
50 wt % polymer but not a 10 wt % polymer because at 10 wt
% the main reason for the decrease in conductivity is due to
PEO degradation, whereas at 50 wt % both degradation and an
alternative, less conductive route of ion transport play a role.
The data suggest that the use of PE, a nonpolar, nonconductive
polymer, in a hybrid not only suppresses both LPS and
polymer degradation but also forces ion transport through the
highly conductive inorganic phase.

Electrochemical Performance of Hybrid Electrolytes.
The electrochemical performance of the hybrids in comparison
to pure LPS was evaluated. Li||Cu half-cells were made, and
cyclic voltammetry was run to assess the electrochemical
stability window of the hybrid electrolytes (Figure S12). No
differences in the redox activity were observed between the
hybrids and LPS. Additionally, symmetric Li||Li half-cells were
fabricated, and the interfacial stability and long-term cycling
performance were investigated (Figure 6). Prior to cycling,
impedance at 20 °C was taken (Figure 6), and the bulk and
interfacial impedances were determined by fitting the resulting
Nyquist plots according to the equivalent circuit model shown
in Figure S14. Of the three samples, LPS exhibited the lowest
interfacial impedance with lithium metal, at 150 Ω cm2. The 10
wt % PE hybrid exhibited an average interfacial impedance that
was about 8 times higher than that of LPS, about 1300 Ω cm2,
and PEO showed the highest interfacial impedance around
4100 Ω cm2, close to 20 times higher than that of LPS. The

interfacial impedance measured for our PE and PEO hybrids is
much higher, by about an order of magnitude, in comparison
to previously reported values for PEO−sulfide type
hybrids.22,34 We attribute this primarily to the preparation
process (solid state ball-milling versus solution-casting) and
the differences in coin cell measurements versus cylindrical cell
measurements22,23 where a high, consistent pressure can be
applied in situ to the electrode and electrolyte to increase
surface area contact, lowering interfacial impedance.
The high interfacial impedance from the hybrids made it

difficult for these cells to cycle at 20 °C, and Table S7 shows
the number of live cells made before attempting to cycle at 20
°C. Therefore, to study the long-term cycling of the hybrids,
the cells were cycled at 60 °C to lower the interfacial
impedance. In the case of both PE and PEO hybrids, the
interfacial impedance reduces by over an order of magnitude.
At 60 °C the interfacial impedance for PE and PEO 10 wt %
hybrids is about 3 and 8 times greater than the LPS interfacial
impedance (Table S6), which is in better agreement with
literature reports where most PEO hybrids exhibit an
interfacial impedance that is 2−5 times greater than that of
the pure sulfide component.22,34

The Li||Li half-cell cycling performances of LPS and both
polymer hybrids are displayed in Figure 6. Each electrolyte was
cycled at a current rate of 0.05 mA cm−2 to a capacity of 0.05
mAh cm−2. Additional replicates for each electrolyte are shown
in Figure S13 to demonstrate the variability in cycling
performance for each material, and Figure S15 displays critical
current density measurements, showing that a current rate of
0.05 mA cm−2 was the best choice to study long-term cycling.
The differences between the LPS and the polymer hybrids are
quite stark, particularly in that the LPS electrolytes can cycle
for one-third of the time of the polymer hybrids. On average,
the PE and PEO cells were able to cycle for 1000 h (equivalent

Figure 7. A comparison of sulfide−PEO composite electrolytes previously reported in the literature. To delineate the different processing methods
for hybrids, solution-cast hybrids are indicated by filled markers and ball-milled samples are indicated by unfilled markers. Our contributions are
marked in blue crosses or stars. To compare across a variety of sulfide materials (LPS, LPSCl, LGPS, etc.), the conductivities of the hybrids are
reported as a fraction of the conductivity of the respective pure inorganic material. Papers that did not report the conductivity of their pure
inorganic material were not included.
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to 500 cycles). The LPS cells (Figure S12), however, lasted on
average 150 h (75 cycles). Cell failure was identified when
voltage drop below 5 mV occurred. This observation of hybrid
electrolytes outperforming the pure inorganic during cycling
has been previously reported in the literature22,58 and in several
cases has been attributed to a stabilized chemo-mechanical
interface with lithium metal in the hybrids.22,24 In particular,
we speculate that the addition of polymer allows for the
prevention of void or crack formation in the electrolyte and
better wetting of the electrolyte to the surface of Li metal.13

This observation is important since the hybrids suffer from
lower ionic conductivities but were still able to outperform
LPS.
To understand the difference in performance between the

hybrid electrolytes and pure LPS and show the stabilization of
the lithium metal interface after cycling at 60 °C, impedance
was taken at 20 °C after 500 cycles (1000 h) for the hybrids
and after 25 cycles (50 h) for the pure LPS (Figure 6b). In the
PE and PEO hybrids, the stabilized Li-metal interface can be
observed by the reduction in interfacial impedance by almost
one-half for both hybrids after cycling (Table S7). In
comparison, the interfacial impedance of the neat LPS doubles
after only 50 h of cycling�a marked contrast to the polymer
hybrids which lasted 20 times longer than the pure inorganic,
despite the lower conductivity. The resulting increase in the
interfacial impedance of LPS during cycling and the
corresponding poor cycling performance has been observed
in the literature reports for this material.12 Recent work by
Hatzell et al. used in situ tomography to understand fracture
pathways and modes of failure in LPS electrolytes during
cycling, attributed primarily to a high elastic modulus and low
fracture toughness.12,18 These works found that during cycling,
fractures and voids form in LPS pellets, resulting in the
mechanical failure of the electrolyte.12,18 Additional work by
Hatzell et al. has shown that softer, polymer additives to
inorganic electrolytes led to a reduced elastic modulus and
therefore can help suppress crack formation and increase cycle
life.13 We therefore anticipate that the softer polymer additive
(PE and PEO) helps suppress the formation of cracks and
increases the mechanical stability of the electrolyte in our
hybrid systems, therefore supporting a longer cycle life. While
lithium dendrites do grow in hybrid electrolytes,59,60 the better
mechanical properties of the polymer can help suppress the
formation of dendrites in comparison to the pure LPS.58 An
additional, important observation is the long-term behavior of
the two polymer electrolytes. The PEO-based hybrids lead to
higher overpotentials over time, a phenomenon that has been
observed in the literature,22,23,27 in comparison to the PE
hybrids. Our isotope exchange NMR data (Figure 5) have
demonstrated that during Li-metal cycling an interphase
caused by the degradation of LPS and PEO during cycling is
formed, which may explain the increase in overpotential
observed here.
To understand the promise of using nonconductive

polymers in a hybrid material, several studies of sulfide−
polymer composite electrolytes were evaluated (Figure 7) and
compared to our hybrid materials. All of the sulfide−polymer
studies represented in Figure 7 focus on PEO as the
polymer.22,23,61−64 Additionally, most of these works synthe-
sized their hybrid materials with the traditional solution (or
slurry) casting method, with the exception of Hayashi et al.62

which pursued a similar ball-milling approach present in our
work. To provide a fair comparison across the various types of

sulfide inorganic materials (Li3PS4, Li6PS5Cl, L10GeP2S12, and
Li7P3S11), the conductivity of the hybrid materials (between 20
and 30 °C) is presented as a fraction of the conductivity of the
pure inorganic compound.
Comparing the literature results with our work, the most

apparent observation is that the conductivity of our PE hybrid
is much higher than the conductive polymer hybrids. Even the
best optimized PEO−sulfide hybrids hit a maximum of 15%
retention of the inorganic conductivity. Additionally, the best
performing inorganic represented in Figure 7 is LGPS, studied
by both Zhao et al.63 and Hu et al.22 where in both cases when
mixed with the conductive PEO, the best performing hybrids
in both studies exhibited less than 2% retention of the
inorganic conductivity. Figure 7 demonstrates that when the
conductivity of nonconductive polymer hybrids is normalized
to the pure inorganic conductivity, the nonconductive polymer
composites outperform the PEO composites.
There are some literature reports that use other non-

conductive polymers such as PvDF,34 SEBS,65 and NBR66,67 in
sulfide−polymer composites. However, it is difficult to
compare these polymers and PE and make a generalized
conclusion regarding the performance of these polymer
materials in hybrid electrolytes. It is well-known that the
microstructure of hybrid materials plays a key role in the
conductivity and that the traditionally used solution-casting
approach will lead to different results than our ball-milling
approach.13 Figure S9 shows the difference in solution-cast
versus ball-milled PEO-LPS hybrids where the solution-cast
PEO hybrid exhibits a slightly lower conductivity than the ball-
milled version. Additionally, unlike PE, PvDF is a good binder
material that is used in most commercial cathodes.34 Wang et
al.34 attributes the good cycling performance of their
composite electrolytes to the binding capabilities of PvDF,
which prevent void and crack formation in the inorganic,
therefore enhancing stability without impeding ion transport
through the LPSCl. Our study is the first to use isotope
exchange NMR to verify that the ion transport mechanism of
LPS is not hampered with the introduction of a nonconductive
polymer, such as PE. We were able to demonstrate that by
switching the polymer from a reactive, conductive polymer
such as PEO to nonpolar, nonconductive PE, we retained a
higher fraction of the inorganic conductivity while also
suppressing both polymer and inorganic degradation. Placing
our work in the context of the literature, we can observe that
by switching from a conductive to a nonconductive polymer,
the conductivity of the overall sulfide−polymer hybrid can be
improved by at least a factor of 3 without compromising on
cycling performance.

■ CONCLUSIONS
In conclusion, we have discovered a novel class of hybrid
electrolytes using polyethylene (PE) and Li3PS4 (LPS) which
suppresses reactivity, supports high conductivity, and enables
long-term lithium metal cycling. Using XPS, ssNMR, and UV−
vis, we have shown that the use of PE, a nonreactive polymer,
curtails inorganic and polymer degradation that plagues PEO-
based hybrid electrolytes. We have shown that, as a result, the
PE hybrids exhibit a higher conductivity and a lower interfacial
impedance with Li-metal than the PEO hybrids, especially at
low polymer concentration, by deliberately forcing ion
transport through the inorganic phase. Using ssNMR, we
have demonstrated that the use of PEO creates an alternate
pathway for ion conduction through the polymer that leads to
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overall lower ionic conductivity. Using the literature as a guide,
we show that sulfide−PEO hybrids can maintain a maximum
of 20% of the inorganic conductivity, even when the inorganic
is in concentrations greater than 50 wt %; however,
nonconductive polymers such as PE can preserve greater
than 20% of the inorganic conductivity. Our insights have
shown that the path to suppressing reactivity and enabling
higher Li-ion conductivity in hybrid electrolytes is through the
use of nonreactive, nonconductive polymers.

■ EXPERIMENTAL SECTION
Materials and Electrolyte Synthesis. Materials. Li2S was

purchased from Sigma-Aldrich (99.98%) and from MSE Supplies
(99%). P2S5 (99%) was purchased from Sigma-Aldrich. Both Li2S and
P2S5 were stored in an argon-filled glovebox (Vigor Tech, H2O and
O2 < 1 ppm) solely dedicated to sulfide work. Ball-milling balls (5
mm, 10 mm) were made of yttria-stabilized ZrO2 (YSZ) and were
purchased from MSE Supplies. Lithium metal (0.75 mm, 99.9%
metals basis) and indium ingot (99.999%) were purchased from Alfa
Aesar.

Polyethylene (3.5 × 104 g/mol) and poly(ethylene oxide) (3.5 ×
104, 1 × 105, and 1 × 106 g/mol) were purchased from Sigma-Aldrich.
Prior to use, polymers were vacuum-dried at 50 °C overnight before
transferred to an argon-filled glovebox.
Ball-Milling. A Retsch PM-100 ball mill was used for all

experiments. A 45 mL ZrO2 jar (Retsch) with a screw-top clamp
for sealing was used for ball milling. All sample preparation was
performed in an argon-filled glovebox. The jar was placed into the ball
mill and milled at a specified amount of time, clockwise. After the
milling interval, the jar was allowed to rest for a set time and then
milled again, counterclockwise. The direction of the jar rotation
changed with each milling interval.
Synthesis of LPS. Amorphous Li3PS4 was synthesized by using a

3:1 mole ratio of Li2S (99%) and P2S5 according to our previously
published procedure.9 A total of 2 g of precursors was weighed and
then hand-milled in a mortar and pestle for ∼10 min. The sample was
then placed inside the milling jar with 32 g of 5 mm ZrO2 balls, and
the sample and balls were mechanically stirred for about 5 min. The
sample was then ball-milled at a speed of 450 rpm for 20 h. The
milling interval was set to a 5 min rest per hour. After 20 h, the sample
was scraped from the ball miller; the balls and jar were cleaned and
then placed back into the ball miller to mill for another 20 h. This
cleaning procedure was performed twice for a total milling time of 60
h.
Synthesis of Polymer−Ceramic Hybrids. Hybrid electrolytes were

synthesized in 0.5 g batches. Components were weighed in an argon-
filled glovebox and added to the ball mill jar. Approximately 8 g of 5
mm ZrO2 milling balls was added to the jar, and the sample and balls
were gently stirred with a plastic spatula to homogenize the sample.
Hybrids were ball-milled at a speed of 450 rpm for a total of 10 h. The
milling interval was set to 5 min of milling and 3 min of rest. The
frequent rest steps were performed to mitigate overheating of the ball
mill jar and subsequent damage to the polymer.

Physical Characterization. XPS Measurements. Pellet samples
were placed onto copper-conductive adhesive and placed inside an
airtight transfer holder inside an Ar-filled glovebox. The holder was
sealed inside the glovebox before transferring to the XPS instrument
(Thermo Scientific Model K-Alpha XPS) with an Al Kα X-ray source,
a spot size of 400 μm, and a resolution of 0.1 eV. Data were collected
by using the Thermo Scientific Avantage XPS software package and
analyzed by using CasaXPS software.68 Spectra were charge corrected
to adventitious carbon, which was set to 284.8 eV.
Solid State Magic Angle Spinning Nuclear Magnetic Resonance

(NMR) Spectroscopy. All 7Li and 1H magic angle spinning NMR
experiments were performed on a Bruker Avance III wide-bore 400
MHz solid-state NMR spectrometer under a field of 9.5 T.
Approximately 10 mg of sample was packed into a 1.9 mm zirconia
rotor (Bruker) in an argon-filled glovebox and spun at 20 kHz. 7Li and
1H NMR spectra were collected corresponding to the 7Li Larmor

frequency of 155.5 MHz and the 1H Larmor frequency of 404.5 MHz.
For 7Li, the 90° pulse length was 0.9 μs and the recycle delay was 20 s.
For 1H, the 90 °C pulse length was 3.1 μs and the recycle delay time
was set between 20 and 40 s. The 7Li chemical shift was referenced to
solid LiF at −1.0 ppm. The 1H chemical shift was referenced to solid
adamantane at 0.0 ppm. To compare solid state spectra with solution
phase experiments, solid state spectra were shifted to the resonance of
adamantane in chloroform-D (CDCl3) with tetramethylsilane (TMS)
as an external reference.69

Solution Phase NMR Spectroscopy. Approximately 5 mg of
sample was suspended in 1 mL of CDCl3 and stirred overnight to
encourage dissolution of the polymer and any decomposition
products. The NMR tube was capped and sealed with parafilm inside
the glovebox to avoid any air exposure. Spectra were collected on a
Bruker Ascend 9.4 T/400 MHz instrument.
Ultraviolet−Visible Light (UV−Vis) Spectroscopy. Approximately

30 mg of hybrid samples were heated at 120 °C for 3 h. Samples were
then suspended in 3 mL of 1,2-dimethoxyethane (anhydrous, 99.5%,
Sigma) and stirred overnight to encourage dissolution of polysulfide
species. Samples were then filtered twice by using a 45 μM PTFE
syringe filter (Fisher Sci). Samples were further diluted with DME
until a concentration of 5 mg/mL was achieved. Spectra were
acquired by using a Shimadzu UV-3600 Plus UV−vis−NIR
spectrophotometer with pure DME for baseline subtraction.

Electrochemical Characterization. Coin Cell Fabrication.
Samples were pressed into pellets and placed into coin cells for
electrochemical measurements. Coin cell parts were purchased from
Xiamen TOB New Energy Technology. All sample preparation was
performed in an argon-filled glovebox (Vigor Tech, O2 and H2O < 1
ppm). Approximately 30 mg of hybrid sample powder (100 mg for
LPS) was loaded into a pellet chamber with a 10 mm diameter (MTI
Corporation, DIE10B), and a piston was placed inside the chamber.
The chamber was then placed into a 15 T hydraulic press (MTI
Corporation, YLJ-15L) and pressed at a pressure of 100 bar (10 MPa)
for about 2 min to form a pellet. Prior to coin cell assembly, the
thickness of the pellet was measured. Pellet thicknesses ranged from
approximately 0.3−0.4 mm for the hybrids and 0.7−0.8 mm for LPS.

Indium or lithium foils were placed inside a metal bag with a
polymer coating and rolled into long strips by using the chamber of
the pellet press as a rolling pin to a thickness of ∼0.25 mm. Then, 6
mm diameter electrodes were cut out from the foil. Coin cells (CR
2032) were assembled in the following order: positive case, spring,
stainless-steel spacer, electrode, sample pellet, electrode, negative case.
Coin cells were then crimped at a pressure of 650 kg.
Electrochemical Impedance Spectroscopy. Impedance measure-

ments were taken by using a BioLogic VSP-300 potentiostat with a
frequency range of 7 MHz−1 Hz. Coin cells were assembled by using
the following configuration: SS||In (6 mm diameter)||pellet (10 mm
diameter)||In (6 mm diameter). No second stainless steel spacer was
used in between the second electrode and negative case. This was
done to allow for additional room so the coin cell could be crimped at
a high pressure (and ensure an airtight seal) without breaking the
pellet. For temperature-dependent measurements, “cooling” scans
were conducted. Samples were heated to 120 °C and held at that
temperature for 45 min. Three impedance measurements were then
taken after the thermal equilibration step, and then samples were
cooled, in 10 deg intervals, back to 20 °C, with a 45 min equilibration
step at each temperature. After measurements were completed, coin
cells were then taken back into the glovebox and decrimped, and the
thickness of the pellet and indium foils were measured. The pellet
thickness was recorded after subtracting the thickness of the indium
foil and compared with the thickness measured prior to assembling
the coin cell. If the two thicknesses did not match, the thickness after
the cooling scan was used for conductivity calculations. Conductivity
was then calculated according to the equation σ = L/(RA), where L is
the thickness of the sample, R is the extracted resistance, and A is the
electrode area.
Symmetric Li||Li Cycling. Symmetric Li||Li cycling measurements

were taken by using a Neware BTS4000 battery tester. Coin cells were
fabricated according to the following configuration: SS||Li (6 mm)||
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pellet (10 mm)||Li (6 mm). After 10 h of resting, coin cells were
cycled at 0.05 mA cm−2 to 0.05 mAh cm−2. The cycling was
performed at 60 °C, and the cutoff voltages were set to be 1 and −2 V
vs Li/Li+.

Prior to cycling, interfacial impedance measurements were taken by
using the BioLogic VSP-300 potentiostat using a frequency range of 7
MHz−1 Hz at 20 and at 60 °C. The Nyquist plots were fit according
to the equivalent circuit model (Figure S12), and R3 was taken as the
interfacial resistance (Tables S6 and S7). Impedance was also taken at
20 °C after cycling to investigate the impact of cycling on the
interfacial impedance.
Isotope Exchange NMR Spectroscopy. Symmetric 6Li||6Li cells

were fabricated in an argon-filled glovebox (O2 and H2O < 1 ppm)
according to the following configuration: SS||Li (6 mm)||pellet (10
mm)||Li (6 mm). Coin cells were cycled at 60 °C with a low current
rate of 10 μA cm−2 to 1.67 μAh cm−2 for 10 cycles to prevent any
degradation that would result from cycling and impact the ion
transport pathway. After cycling, coin cells were then decrimped, the
6Li electrodes were removed, and the pellet was crushed in a mortar
and pestle for packing in a 1.9 mm ZrO2 rotor. The rotor was spun at
20 kHz, and 6Li spectra were acquired with a 90° pulse for 4 μs. The
recycle delay time was set between 50 and 60, and 2048 scans were
taken per spectrum to ensure good resolution. Quantification of 6Li
was performed by integration of the two peaks and setting the sum of
the integrals to 1.
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