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ABSTRACT

Using solid—liquid hybrid electrolytes is an effective strategy to overcome the
large solid/solid interfacial resistance in all-solid-state batteries and the safety problems
in liquid batteries. The properties of the solid/liquid electrolyte interphase layer (SLEI)
are essential for the performance of solid—liquid hybrid electrolytes. In this work, the
solvation reactions between Li»S-P2>Ss glass-ceramic solid electrolytes and ether
electrolytes were studied, and their influence on the SLEI was examined. Although 1,2-
dimethoxyethane (DME) reacted with the Li,S-P,Ss glass-ceramic solid electrolyte to
form a dense SLEI 1,3-dioxolane (DOL) severely corroded the solid electrolyte,
resulting in a loose SLEI. Consequently, a stable SLEI formed with DME. Using a
combination of the Li>S-P>Ss glass-ceramic solid electrolyte and the DME-based liquid

electrolyte, stable lithium plating/stripping cycles over 1000 h and a hybrid Li-S battery



that retained a specific capacity of 730 mAh g ! after 200 cycles were demonstrated.
The knowledge of the reactions between the sulfide electrolytes and the organic liquid

electrolytes is instructive for the design of stable sulfide—liquid hybrid electrolytes for

advanced batteries.
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INTRODUCTION

All-solid-state batteries with high energy/power densities and enhanced safety are
promising candidates for next-generation electrochemical energy storage devices.'™
However, they suffer from poor solid—solid contact and large interfacial resistance
between the solid electrolyte and the electrode material.’”’ Introducing a small amount
of liquid electrolyte (LE) between the solid electrolyte (SE) and the electrode materials
to form a so-called solid-liquid hybrid battery is an effective way to reduce the
interfacial resistance.®!! In addition, for certain conversion-type batteries, such as Li-
S batteries, a hybrid structure combining an SE membrane and a catholyte (cathode
materials dissolved in LE) provides excellent rate performances owing to the enhanced
liquid-phase electrochemical kinetics, showing advantages over the all-solid-state

counterparts.'? Recently, a combination of a liquid lithium solution anode and a sulfide



SE has been developed to achieve a record-high current density of 17.78 mA cm 2, also
demonstrating the advantages of the hybrid structure.!®

Building stable interfaces is the key to obtaining high-performance batteries. The
interfacial stability of electrolytes with a lithium metal anode!*!® and with cathode
materials'®! has been widely studied. For solid-liquid hybrid batteries, the properties
of the solid/liquid electrolyte interphase layer (SLEI) are crucial. It has been revealed
that the instability of the SLEI usually leads to a high interfacial resistance, which is
detrimental for the energy densities of the batteries.?*>* Busche et al. studied the
formation process and the constitution of the SLEI when Li +xAlxGez-«(PO4)3 (LAGP)
was exposed to an ether-based LE, which contributed to the increased interfacial
resistance between the SE and the LE.?? Weiss et al. analyzed the SLEI between
lithium phosphorous oxide nitride (LiPON) and various LEs by combining neutron
reflectometry and a quartz crystal microbalance, and they concluded that the SLEI
formed quickly when LiPON was immersed in the LE and the increasing interfacial
resistance was ascribed to the filling of pinholes in the SLEI layer.?* Until now, the
studies on SLEI have not attracted sufficient attention, and mainly focused on oxide
electrolytes.

Li2S-P>Ss glass-ceramic SEs have excellent ionic conductivities and mechanical
properties.?> For example, Li7P3S1;1 (70Li2S-30P,Ss glass-ceramic) is a SE with an
extremely high ionic conductivity of 1.7 x 102 S cm .26 B-LizPS4 (75Li2S-25P,Ss
glass-ceramic) has a marginal ionic conductivity of 2.8 x 10 S cm™!,?” but with better

chemical stability. Ether solvents exhibit strong ability to dissolve polysulfide and good



compatibility with lithium anodes. They are widely used for Li-S batteries.?* 3 In

previous work,>!3 we observed that 75Li»S-25P,Ss glass-ceramics can form stable
SLEIs with a conventional ether-based electrolyte, I M LiN(CF3SO.), (LiTFSI) in 1,3-
dioxolane/1,2-dimethoxyethane (DOL/DME, 50-50 vol.%), owing to the formation of
a dense DME-solvated Li3PS4 layer at the interface. Consequently, hybrid Li-S batteries
using Li2S-P2Ss glass-ceramics as the separator show better cycling stability than those
using certain oxide electrolyte separators.*>>* These results encourage us to
systematically explore the properties of the SLEIs between Li>S-P>Ss glass-ceramic
SEs and ether-based electrolytes. In this work, the solvation reactions between 75L1,S-
25P,Ss glass-ceramic SEs and three ether-based electrolytes—DME, DOL and their
mixture—were systematically studied. Based on the knowledge of the solvation
reactions, a deeper understanding of the properties of the solvated interface layer was
achieved. By optimizing the sulfide-liquid hybrid electrolytes, a stable lithium
plating/stripping cycle over 1000 h and hybrid Li-S batteries that retained a specific
capacity of 730 mAh g ! after 200 cycles were demonstrated.

EXPERIMENTAL SECTION

Materials and synthesis
The chemicals used were LizS (99.9%, Alfa Aesar), P2Ss (99%, Aladdin), lithium
salt LiTFSI (99%, Aladdin), 1,3-dioxolane (99.5%, Macklin), and 1,2-dimethoxyethane
(99.5%, Aladdin). All the chemicals were used as is, without further purification.
Li,S-P>Ss glass-ceramic electrolytes were prepared by mechanosynthesis. First, 4

g of a mixture of Li>S and P»Ss with a stochiometric ratio and three tungsten carbide



grinding balls (¢ = 10 mm) were put into a 45-mL tungsten carbide jar. The raw
materials were ball-milled by a planetary ball-milling apparatus (Pulverisette 7, Fritsch
GmbH, Germany) for 40 h. The ball-milling was conducted at 450 rpm in intermittent
manner (5-min run/5-min pause) in an argon-filled glovebox (02 < 0.5 ppm, H, O <
0.5 ppm). To obtain pellet samples, the resultant Li>S-P>Ss glass powder was first cold-
pressed into pellets with diameters of 15 mm and lengths of about 0.85 mm under a
pressure of 330 MPa, after which were heat-treated under a vacuum at 260°C for 1 h.

The preparation of LisPSs-coated Li7P3Si1 pellets followed the procedure
described previously.’! Briefly, a homogenous solution was first prepared by mixing 10
mL of a tetrahydrofuran solution containing Li2Se (0.1 M) and 5 mL of an acetonitrile
solution containing LixS-P>Ss (0.1 M). Li7P3S1; pellets were then immersed into the
solution, slowly pulled up and naturally dried at room temperature in an argon-filled
glovebox (O2 < 0.5 ppm, H2O < 0.5 ppm). The dip-coating was repeated five times.
Finally, the pellets were heat-treated at 230°C under argon for 1 h. The thickness of the
coating was about 500 nm.

Three ether-based LEs were prepared with different solvents, DOL, DME, and
their mixture DME/DOL (50-50 vol.%). The preparation of the LEs was conducted in
an argon-filled glovebox by mixing 5 mL of solvent and 1.4354 g of LiTFSI,
corresponding to a molar concentration of 1 M.

Materials characterization
The phase structures of the samples were characterized by X-ray diffraction (D8

Advance, Bruker AXS GmbH, Germany). Raman spectra were recorded by a Raman



spectrometer (in Via, Renishaw Inc., UK) with a 532-nm diode-pumped solid-state laser
as the excitation source. The samples for X-ray diffraction (XRD) and Raman
spectroscopy were sealed with a polyimide film to protect them from air humidity.
Thermal analysis was conducted using differential scanning calorimetry (DSC, DSC 3,
Mettler Toledo Inc., Switzerland) and thermogravimetric analysis (TGA, TGA 55, TA
Instruments Inc., DE). Both measurements used a scanning rate of 10°C min ! and were
conducted under N> flow. Inductively coupled plasma spectroscopy (ICP, Avio 200,
PerkinElmer Inc., USA) was used to measure the composition of the reaction products
of Li»S-P>Ss and the ether solvents. The morphologies of the samples were examined
by a field-emission scanning electron microscopy (SEM, SU8010, Hitachi Inc., Japan).
Alternating current (AC) impedance spectroscopy was used to monitor the interfacial
resistance between the Li2S-P2Ss glass-ceramic pellets and the ether-based LEs. The
impedance spectra were recorded by a frequency response analyzer (Solartron 1260A,
Solartron Analytical Inc., UK).
Electrochemical characterization

The lithium stripping/plating was studied on symmetric cells with the structure
Li/LE/SE/LE/Li. The test was conducted using a Wuhan Land CT2001 battery tester.
The symmetric cells were assembled by stacking an Li foil, a Celgard2400 membrane
wetted by 15 pL of an ether-based LE, an Li3PS4-coated Li7P3S11 pellet, a Celgard2400
membrane wetted by 15 pL of an ether-based LE, and an Li foil into a coin cell. The
cells were stored for 24 h before the test to complete the formation of the SLEI layer.

The electrochemical impedance spectra of the cells were recorded on an



electrochemical workstation (CHI660E, CH Instruments Ins., China) with a frequency
range from 0.01 to 10° Hz. The studied ether-based LEs included 1 M LiTFSI DME-
1%LiNOs3, 1 M LiTFSI DME/DOL (50-50 vol.%)-1%LiNO3, and 1 M LiTFSI DOL-
1%LiNOs.

The CR2032 coin-type hybrid lithium—sulfur batteries were assembled in an
argon-filled glovebox (0> < 0.5 ppm, HbO < 0.5 ppm). The structure was
Li/LE/SE/LE/S-C. The cathode was made by mixing S-C composite, polyvinylidene
fluoride binder, and conductive carbon black (80:10:10, wt.%) in an NMP and scraped
onto Al foil, where the S-C composite was prepared by vacuum-heating the premixed
sulfur and carbon (7:3) at 155°C for 12 h. After drying at 60°C for 12 h, the cathode
foil was cut into @15-mm disks. The sulfur loading on the cathode was 0.85 mg cm 2.
An LizPS4-coated Li7P3S11 pellet was used as the SE. The LE of the anode was 15 puL
of 1 M LiTFSI DME-1%LiNO3. The LE of the cathode was 40 uL of 1 M LiTFSI DME-
1%LiNOs3, 1 M LiTFSI DME/DOL (50-50 vol.%)-1%LiNOs, or 1 M LiTFSI DOL-
1%LiNOs. The batteries were stored in a glovebox for 24 h before the test.
Galvanostatic charge—discharge tests were conducted on a battery tester (CT2001, Land
Ins., China) in the voltage range of 1.7-2.6 V.

RESULTS AND DISCUSSION

Solvation reactions between Li2S-P2Ss and ethers
The solvation reactions between the Li>S-P>Ss glass-ceramics and the ethers were
studied by powder-immersion tests as follows. First, 0.6 g of powder of the 75Li,S-

25P,Ss glass-ceramic was immersed in 7.5 mL of DME, DOL, or DME/DOL for 48 h.



The immersion products were then characterized. Figure 1a shows the photographs of
the immersion products. A color change of the supernatant was observed for all of the
samples, confirming that reactions occurred during the immersion. The composition of
the supernatant was quantitatively analyzed by ICP. As shown by the ICP results in
Figure 1b, with a higher percentage of DOL in the solvent, more Li and P dissolved in
the supernatant. These quantitative results coincide with the chromaticity of the
supernatant (Figure 1a). It has been reported that Li>S-P»Ss can be dissolved by certain
ethers and esters.>> We therefore suspect that a similar Li»S-P2Ss compound dissolved
in the supernatant of the immersion products, and its solubility was higher in DOL than
in DME. To prove this, 0.75 g of a mixture of Li>S and P>Ss with a molar ratio of 1:1
was added into 5 mL of DOL or DME and stirred for 5 days. With the DOL, a yellow
solution containing a small quantity of solid particles was obtained, while with the
DME, the resulting mixture separated into a white precipitate and a yellowish
supernatant (Figure S1). This further confirmed that the solubility of Li»S-P>Ss in the
DOL was greater than that in the DME. Li»S-P>Ss contained dimer anion P2S¢* or chain
anion (PS;)..>°> The scattered negative charge distributions of these large anions
weakened the ionic bonds of Li»S-P,Ss. It is therefore expected that Li>S-P»Ss can be
dissolved by solvents with high polarity, which would further weaken the coulombic
interactions between the anions and the cations. This hypothesis was supported by the
fact the acetonitrile (permittivity 35.9, donor number 14.1) had remarkably better
ability to dissolve Li>S-P2Ss than DME (permittivity 7.2, donor number 20.0).%¢ In this

case, the relatively higher permittivity of DOL (7.34) than DME (7.2) *7 was assumed



be the reason for its better ability to dissolve Li2S-P2Ss. Thus, DOL produced a severe

corrosion effect on the Li»S-P»>Ss glass-ceramics owing to its better ability to dissolve

Li>S-P,S:s.
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Figure 1. (a) Photographs of the 75Li,S-25P,Ss glass-ceramic powders after 48 h of immersion in

1,2-dimethoxyethane (DME), 1,3-dioxolane (DOL), and DME/DOL (50-50 vol.%). (b)

Inductively coupled plasma (ICP) results of Li and P contents in the supernatant of the products
after immersion in DOL, DME, and DME/DOL (50-50 vol.%) for 48 h.

The precipitate of the immersion test was vacuum-dried at 80°C and then analyzed
by XRD (Figure 2a). The diffraction peaks different from the pristine glass-ceramic
revealed the formation of solvated products. The DME-immersed sample was identified
to be DME-solvated Li3PS4 based on previous study results.*®3° The XRD pattern of
the DOL-immersed sample has not been reported. This sample was determined to be
DOL-solvated Li3PS4, as discussed below. Interestingly, for the sample immersed in
DME/DOL, only the diffraction peaks corresponding to DME-solvated LizPS4appeared.
This indicated that the solvation tendency between LizPSs and DME was stronger than
that between Li3PS4 and DOL. In addition, the signal of the residual pristine glass-
ceramic was observed (orange region). It decreased with increasing DOL content in the

solvent, further confirming the strong corrosion effect of DOL on 75Li2S-25P-S:s.
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Figure 2. Characterization of the 48-h—immersed 75Li,S-25P,Ss powder in different solvents: (a)
X-ray diffraction (XRD) pattens of the products after 80°C drying. (b) XRD patterns of the
products after 220°C heat treatment. (c) Raman spectra of the pristine powder, 80°C-dried

products, and 220°C-heat-treated products. (d) Differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) curves of DME-solvated LizPS4 and DOL-solvated LisPS4.

The precipitate of the immersion test was further heat-treated under vacuum at
220°C to completely remove the solvent. The XRD results are shown in Figure 2b. For
all the studied solvents, the original B-Li3PS4 phase was restored. Correspondingly, the
Raman peak attributed to PS4>~, which slightly shifted in the solvated LisPS4 due to the
solvation effect of the ether molecules, returned to 421 cm™ ! after 220°C heat treatment.
These results indicated that the solvation reactions between the 75Li>S-25P>Ss glass-

ceramic and the studied ethers were almost reversible. This also confirmed that new



crystalline phases detected in the 80°C-dried precipitate were ether-solvated Li3PS4. In
fact, solvated Li3PS4 has been widely observed in various organic solvents, which is an
important intermediate during the liquid-phase synthesis of Li>S-P»Ss SEs.**#?

Figure 2d shows the DSC and TGA results of the 80°C-dried immersion precipitate
of 75L1,S-25P>Ss. A process of weight loss was evident in the TGA curves accompanied
by heat absorption, which was reflected by the endothermic peaks in the DSC curves.
Both signals are associated with the desolvation of ether molecules. Based on the TGA
results, the formulas of the solvated LisPS4 were deduced to be LizsPS4-0.45DME and
Li3PS4-0.94DOL. The solvation number of DME in the complex was only half that of
DOL. This could be attributed to the fact that the two O atoms in DME could participate
in the solvation process due to the flexibility of its linear backbone. In fact, the
coordination of Li" with multiple oxygens has been widely observed for molecules with
the ethylene-1,2-diether motif, such as DME, diglyme, triglyme, and poly(ethylene
oxide).*** Studies have illustrated that this coordination is facilitated by the torsion of
the backbone to the gauche-conformation.*® The DSC curves showed that the onset
temperature of the principal desolvation process of Li3PS4:0.45DME was 190°C, and
that of Li3PS4-0.94DOL was 170°C. In addition, the desolvation enthalpies normalized
to the solvent molecules is 65.2 kJ mol™' for DME and 35.1 kJ mol ™! for DOL. The
higher desolvation enthalpy of DME further supported the conclusion that the solvation
tendency between Li3PS4 and DME was stronger than that between Li3PS4 and DOL.

In summary, the solvation reactions between the 75Li2S-25P>Ss glass-ceramics

and the ethers showed the following characteristics: (1) DOL showed a remarkably



better ability to dissolve Li>S-P>Ss than DME, and consequently, it more severely
corroded the Li»S-P,Ss glass-ceramics. (2) The solvation between DME and LizPS4 is
stronger than that between DOL and Li3PS4. The solvation abilities of organic solvents
are generally affected by the solvent polarity, basicity, and stereochemistry. DME and
DOL have similar permittivity values (7.34 for DOL and 7.2 for DME)*’ and donor
numbers (18.0 for DOL and 20.0 for DME) #’, which respectively represent the polarity
and the basicity. Therefore, the stereochemistry of the solvent molecules plays a key
role in the solvation ability in this case. In comparison with the cyclic structure of DOL,
the flexible linear backbone of DME facilitated the solvation effect of the two O atoms.
Resistance evolution of solid/liquid electrolyte interphase layer (SLEI)

The resistance evolution of the SLEI between the Li>S-P»Ss glass-ceramic SE and
ether-based LE was studied by an in-situ impedance spectroscopy experiment. The
setup is shown in Figure 3a. Both sides of the glass-ceramic pellet were first wetted by
20 pL of LE, and were then covered by stainless-steel disks as the electrodes. The
sample was finally packaged in a Swagelok mold, and the evolution of its impedance
spectra was monitored by a frequency response analyzer. The impedance spectrum was
composed of an incomplete semicircle at high frequency and an inclined tail at low
frequency (Figure S2). The low frequency tail was attributed to polarization near the
electrodes. The semicircle was due to the boundary resistance of the SE and the
interfacial resistance of the SLEIL*' The impedance spectra were fitted with the

equivalent circuit shown in Figure S3. The fitting parameters are listed in Tables S1—



S3. Finally, the interfacial resistance of the SLEI was deduced from the increment of

the semicircle.
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Figure 3. (a) Schematic of the setup for the interfacial resistance measurements. (b) Evolution of
the interfacial resistance of 75L1,S-25P,Ss glass-ceramic pellets in contact with three ether-based
liquid electrolytes (Les, 1 M LiTFSI in DME, DOL and DME/DOL). (c—¢) Top-view and (f-h)
cross-sectional scanning electron microscopy (SEM) images of 75Li,S-25P,Ss pellets after 90 h of
contact with the ether-based LEs. (i) Influence of the solvent on solid/liquid electrolyte interphase

layer (SLEI). DME and the solid electrolyte formed equiaxed crystals, and the SLEI layer was thin



and dense. DOL reacted with the solid electrolyte to form branch-like crystals, and severely etched
the solid electrolyte, forming a thick and loose SLEI layer.

Figure 3b shows the evolution of the interfacial resistances between the 75Li>S-
25P,Ss glass-ceramic pellet and the three LEs. When the DME-based LE was used, the
interfacial resistance stabilized at about 95 Q cm? after 15 h. When DME/DOL-based
LE was used, the resistance became stable after 40 h but still slowly increased from 111
to 144 Q cm? in the range of 40-90 h. When the DOL-based LE was used, the resistance
increased continuously and reached 605 Q cm? after 90 h. The interfacial resistance
between the DME-based LE and the Li>S-P2Ss glass-ceramic SE was the smallest, and
it reached a stable value in the shortest time. An increase in the interfacial resistance
was also observed at the oxide/liquid electrolyte interfaces,?? which was ascribed to the
gradual growth of the SLEI layers as a result of the reaction between the SE and the LE.
The in-situ impedance spectroscopy experiment showed that the SLEI formed by the
DME-based LE was more stable than that formed by the DOL-based LE.

The microstructures of the SE pellets after the in-situ impedance spectroscopy
experiment, were characterized by top-view and cross-sectional SEM images. The
pristine 75Li,S-25P,Ss5 glass-ceramic pellets showed porous surfaces owing to
incomplete sintering (Figure S4). After the DME-based LE soaking, fine grains formed
on the surface, which coalesced to reduce the surface roughness (Figure 3c). After the
DME/DOL-based LE soaking, fine grains on the surface were also observed (Figure
3d), but less coalescence of the grains occurred and the surface was rougher than that

soaked in the DME-based LE. While the DME- and DME/DOL-based LEs resulted in



very thin solvated layers (Figure 3f—g), the solvated layer formed by the DOL-based
LE showed quite different features. This layer contained thick branch-like crystals
stacked on the surface, and there were many pores between the crystals (Figures 3e and
h). The thickness of the loose corrosion layer by the DOL-based LE was about 3 pm.

Figure 3i shows the influence of the solvent type on the SLEI layer. First, DME
and DME/DOL reacted with Li»S-P>Ss to form DME-solvated LisPS4, while DOL
reacted with Li>S-P>Ss to form DOL-solvated LisPSs. The different phase structures
resulted in different morphologies of the solvated crystals, that is, equiaxed crystals for
DME and DME/DOL and branch-like crystals for DOL. Moreover, the stronger
solvation effect of DME than that of DOL reduced the surface energy of the DME-
solvated Li3PS4, which lowered the energy barrier for nucleation. This promoted the
nucleation rate of the DME-solvated LizPS4 at the solid/liquid electrolyte interface,
favoring the formation of fine interphase crystal grains. equiaxed and fine crystal grains
were beneficial to the densification of the solvated layer. Second, the solubility of
Li,S-P,Ss in the DOL led to severe corrosion of the Li>S-P»Ss SEs. Consequently, the
porosity of the solvated layers formed by the DOL and DME/DOL was larger than that
by the DME. Therefore, the solvated layer of Li2S-P2Ss formed by the DME-based LE
was denser and thinner than the other two LEs, so that a small and stable interfacial
resistance of the SLEI could be achieved.

In general, the solubility of the SE in the solvent and the crystal morphology of
the solvation product were two decisive factors for the microstructure of the solvated

layer formed on the surface of the Li>S-P»Ss glass-ceramics. The microstructure of the



solvated layer determined the chemical stability of the SLEI between the Li>S-P2Ss
glass-ceramic SEs and the ether-based LEs.
Compatibility with lithium anode

To characterize the stability of the SLEI layer under the reducing environment of
the lithium anode, plating/stripping cycling tests of Li/LE/SE/LE/Li symmetric cells
were conducted. Here, Li3PSs-coated Li7P3S11 pellets were used as the SE membrane.
Li7P3S11 has an ionic conductivity 1-2 order of magnitude higher than that of LizPSa,
but it would be severely decomposed by the ether solvents (Figure S5). The composite
membrane possessed the high conductivity of Li7P3S11 and the good stability of Li3PS4
in the ether solvent.

Figure 4a shows the volage profiles of the lithium plating/stripping cycling at a
current density of 0.36 mA cm 2 and a capacity of 1.44 mAh cm ~ 2. Using the DME-
based LE, the lithium symmetric cell operated stably over 1000 h, and the overpotential
was only 0.040 V. When DOL/DME was used as the electrolyte solvent, the
overpotential of the symmetric cell slightly increased from the initial 0.035 V to the
final 0.044 V. In contrast, when using DOL as the electrolyte solvent, the overpotential
began to increase at about 70 h. After 230 h, the overpotential exceeded 0.200 V,
indicating that the internal resistance of the cell drastically increased. The lithium
plating/stripping cycling of an Li/ SE/ Li symmetric cell was also conducted at a current
density of 0.36 mA cm2. The voltage profile of this all-solid-state cell is shown in
Figure S6. During a single plating/tripping process, the voltage continuously increased,

which was ascribed to the void formation at the Li/SE interface.*® In addition, the voids



caused uneven current distribution at the interface, leading to the formation of lithium
dendrites. Consequently, short circuit occurred in the 5™ cycle. The lithium penetration
issue attracts widespread attention recently.*” Our results demonstrated that using
hybrid electrolytes alleviated the lithium penetration issue owing to the intimate contact

between the lithium anode and the electrolyte.
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Figure 4. Lithium plating/stripping in Li/LE/ Li,S-P>Ss/LE/Li symmetric cells using DME,
DME/DOL, and DOL as the solvents of LE. (a) Voltage profiles at 0.36 mA cm 2. (b—d)

Electrochemical impedance spectra of the cells after 5 and 100 cycles, respectively. SEM images



of lithium (e, f) after 125 cycles (1000 h) for the cells using DME and DME/DOL as the solvent
and (g) after 30 cycles (240 h) for the cell using DOL as the solvent.

A detailed evolution of the internal resistance of the symmetric cells was studied
by electrochemical impedance spectroscopy (Figures 4b—d). A high-frequency
semicircle (10°-10? Hz), a middle-frequency semicircle (10>~1 Hz), and a curved low-
frequency tail (< 1 Hz) were identified. Based on the frequency ranges, the high-
frequency semicircle was associated with the SEI layer>® between lithium and the LE
and the SLEI layer?? between the SE and the LE. The middle-frequency semicircle was
assigned to the charge transfer of the lithium anode, which had a characteristic
frequency of 1-10 Hz.3'"> The low-frequency tail was associated with the Li-ion
diffusion process around the lithium electrode. The deviation of the tail away from the
ideal 45° slope was likely due to the induction behavior caused by adsorption
processes,> although a detailed discussion of the tail is out of the scope of this work.
The equivalent circuit in Figure S7 was used to fit the spectra, which quantitatively
separated the internal resistance of the cells into R. (impedance from the hybrid
electrolyte), Ri» (impedance from the SEI layer and the SLEI layer), and R.: (charge
transfer resistance).* The fitting results were listed in Table S4. When DME and
DME/DOL are used as electrolyte solvents, R, was almost unchanged and remained at
about 30 Q. R;y slightly increased from 9—11 Q to 17 €, indicating that the SLEI was
stable under the reducing environment over 1000 h. When DOL was used as the
electrolyte solvent, the internal resistance of the symmetric cell increased drastically

after 30 cycles (Figure 4d). Rin, which increased from 18 Q to 12213 Q, was dominating



the increase in the internal resistance. This may have been caused by two factors. First,
the continuous corrosion of lithium thiophosphate by the DOL led to an enlarged
resistance of the SLEI layer. Second, the Li>S-P>Ss dissolved in the DOL reacted with
the lithium anode to form a resistive SEI layer.’® In addition to R, R. increased
significantly after 30 cycles. A reasonable explanation for this was that the continuous
reaction between the DOL and the SE membrane overconsumed the solvent, leading to
poor ion conduction of the LE.

The morphology of the lithium anode was studied by SEM after the
plating/stripping cycles (Figures 4e—g). No lithium dendrites were observed.
Remarkably, the lithium anode of the cell using the DME-based LE showed a smooth
surface after 1000 h of cycling, in sharp contrast with the branch-like lithium surfaces
of the cells using the two other LEs. This demonstrated that once a stable interface
between the sulfide electrolyte and the DME-based LE was established, the hybrid
electrolyte was beneficial for the homogeneous plating/stripping of lithium. This could
be associated with the reduced concentration polarization owing to the enhanced
effective transfer number of lithium in the hybrid electrolyte.>®
Performance of hybrid Li-S batteries

Hybrid Li-S batteries were assembled using the Li3PS4 coated Li7P3S1 pellets as
the membrane and wetting the electrodes with the ether-based LEs. The DME-based
LE was chosen to wet the interface between the sulfide electrolyte membrane and the
lithium anode, because it was demonstrated to show excellent stability in the previous

section. The S-C cathode was wetted by different LEs. Figures 5a—c show the charge—



discharge profiles of the batteries at 0.2C (i = 0.36 mA cm 2). After 200 cycles, the
hybrid battery using the DME-based LE could still operate with stable charge and
discharge plateaus. The second discharge plateau slightly decreased from 2.06 to 2.04
V, which benefitted from the stable SLEI layer between the Li3PS4 and DME-based LE.
The hybrid battery using the DME/DOL-based LE showed a slightly larger internal
resistance after 200 cycles, whose second discharge plateau was 2.00 V. In contrast, the

battery using the DOL-based LE could not cycle stably. The overpotential increased

rapidly and the battery failed in 50 cycles.

—_
&

-
N
™

28 28 = 3
— 1" oycle —— 50" cycle (b) — 1" oycle —— 50" cycle (C) — 1" oycle —— 50" cycle
——100"cyole  —— 150" cycla —— 100" cycle 150" cycle —— 100" cycle 150" cycle:
26 28] T T ! 26 F.U / S e
s 2¢ s 24 s 24—
% 22 % 22 DME/DOL % 22
G G s
S 20 S 20 s

18

o

20.
i “';i‘\'\

16

™
>

D 200 400 600 800 1000 1200 "0 200 400 600 800D 1000 1200 D 200 400 600 800 1000 1200
Specific capacity (mAh g ™) Specific capacity (mAh g™) Specific capacity (mAh g)
(d) 1500
1400 ] sttt g st d 100
@ —a— DME ®
g —#-— DME/DOL 180 F
E —a— DOL &
= s 5]
= @ Liquid 160 ©
== . —
3 ettt R
a 40 o
8 o
o E
= 2 2
[&]
o

2 O
w

0 20 40 60 80 100 120 140 160 180 200

Cycle number
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Li-S batteries compared with those of a liquid Li-S battery. SEM images of the S-C cathode (e)



before cycling and (f-h) after 200 cycles in batteries using DME, DME/DOL, and DOL as the LE
solvents, respectively.

As shown in Figure 5d, after 200 cycles at 0.2C, the coulombic efficiency of the
batteries stabilized at 99.6%. The hybrid battery using the DME-based LE had a specific
capacity of 706 mAh g ! after 200 cycles, with a capacity retention rate of 56.4%. The
hybrid battery using the DME/DOL-based LE had a specific capacity of 729 mAh g'!
after 200 cycles, with a capacity retention rate of 62.5%. For comparison, a liquid Li-S
battery using the same batch of S-C cathodes was fabricated and its cycling
performance is also shown in Figure 5d. The specific capacity of the liquid battery was
612 mAh g ! after 200 cycles. Its capacity retention rate was 55.0%. The two hybrid
batteries showed a higher specific capacity and better capacity retention than the liquid
battery. This was attributed to the fact that the polysulfide shuttling was inhibited by
the sulfide electrolyte membrane. While the hybrid electrolyte with stable SLEI layer
improved the performance of the Li-S batteries by inhibiting the polysulfide shuttling
effect, the unstable combination of lithium thiophosphate and the DOL-based LE
degraded the battery performance. This battery continuously lost its capacity and
completely failed after 60 cycles.

The SEM images of the S-C cathode after 200 cycles (Figures 5f~h) were
instructive to determine the reason for the significant differences in battery performance
caused by the three electrolyte solvents. The cycled cathode of the battery using the
DME/DOL-based LE (Figure 5g) showed a similar porous structure as that of the

pristine cathode (Figure 5e), corresponding to its good capacity retention. In contrast,



the cycled cathode of the battery using the DOL-based LE was covered by a continuous
thin film, which was sensitive to an electron beam under SEM observation. Elemental
analysis showed that the thin film was rich in P (Table S5). As mentioned above, severe
corrosion of the LizPS4 by the DOL was accompanied by the dissolution of Li>S-P>Ss
in the LE. Li»S-P>Ss diffused to the cathode and formed a thin film, which passivated
the reaction sites on the cathode. In addition, the thick SLEI layer between the Li3PS4
and the DOL significantly increased the interfacial resistance. Both factors led to the
failure of the hybrid battery using the DOL-based LE.

Many typical oxide electrolytes, such as LAGP,** LLZO,** and LATP,’” have been
used to fabricate hybrid Li-S batteries. However, owing to the poor stability of the SLEI
layer, these batteries always loose a large part of their capacity in the first 50 cycles
(Table 1). Measures such as applying a polymer coating on the SEs can ameliorate the
interfacial problem, but this introduces additional resistance and increases the
overpotential of the battery. > Our work demonstrated that a stable SLEI layer was
formed by a suitable solvation reaction between the solid and liquid electrolytes, and
hybrid Li-S batteries capable of stably operating over 200 cycles can be prepared. Here,
we emphasize that the low solubility of SE in the solvent and the strong solvation effect,
which favored the formation of fine interphase grains, were essential for forming a
dense and stable SLEI layer in the lithium thiophosphate-ether hybrid electrolyte

system.



Table 1. Performance of hybrid Li-S batteries

Hybrid electrolyte Capacity (mAh g™") Second discharge Reference
Ist 50th 200th plateau (V)
Li3PS4+ DME -based LE 1251 936 706 2.04 This work
Li3PS4+ DME/DOL-based LE 1166 846 729 2.00 This work
LAGP + DME/DOL-based LE 1386 720 - 2.08 33
LLZO + DME/DOL-based LE 1154 604 - 1.96 34
LATP + DME/DOL-based LE 978 720 - 2.01 57
Polymer-coated LATP + 969 890 8032 1.86 58

DME/DOL-based LE

2 Specific capacity at 150th cycle.

CONCLUSIONS

The stability of the interfaces between 75Li2S-25P>Ss glass-ceramic SEs and
ether-based LEs was studied. It was found that the DME-based liquid electrolyte could
form a stable SLEI with Li>S-P»Ss glass-ceramic SEs. The Li3PS4 solvation effect of
DME was stronger than that of DOL. This favored the formation of fine crystal grains
of the solvated LizPS4, which constituted a dense solvated layer at the solid/liquid
electrolyte interface. Meanwhile, the corrosion effect of DME on the Li>S-P2Ss glass
ceramic SEs was weaker than that of DOL. Both factors were important for the
formation of a stable and compact DME-solvated LizPS4 layer at the interface, which
was necessary obtain a stable solid/liquid electrolyte interface. Benefitting from this
stable solid/liquid electrolyte interface, stable lithium plating/stripping cycles over
1000 h and hybrid Li-S batteries that retained specific capacities of 730 mAh g™ ! after
200 cycles were demonstrated. This work deepens the understanding of SLEI layers by
examining the solvation reactions between the sulfide electrolytes and the ether-based

LEs. The results are instructive for designing stable sulfide—liquid hybrid electrolytes



for advanced batteries.
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