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An extremely high rate Li-S battery is obtained with hybrid electrolyte of SSE-
LE.
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Abstract

Polysulfide shuttling and lithium dendrites are twoajor issues which hinder the
development of high-performance Li-S batteries.idegal solution is to employ hybrid electrolyte
consisting of sulfide solid electrolyte (SSE) amgiid electrolyte (LE), where SSE functions as a
barrier for suppressing polysulfide shuttling ardiim dendrite growth while LE works as fast
Li* transport media. In this work, BnPS;, membranes, with a ceramic-like dense structure,
provide a rigid barrier for preventing polysulfidghutting and lithium dendrite growth.

Meanwhile, its high ionic conductivity of 3.33x1®/cm (25°C), accompanied with good wetting



and Li transport abilities of LE, renders the hybrid alelgte system an excellent Ldynamic
property. Consequently, the Li-S batteries fabedatvith this SSE-based hybrid electrolyte
system can operate at an extremely high chargbétige rate. At a rate of 5C (7.10 mARnthe
batteries show an initial discharge capacity of.858Ah/g, maintain at 471.4 mAh/g and 413.3
mAh/g after 50 and 100 cycleshowing a capacity retention of 71.53% and 62.6G8%pectively.

It is also proposed that a competitive mechanisisi®between the electrochemical reaction and

side reaction during cycling, where the electrodleahreaction dominates at high rates.

1. Introduction

Li—S battery is believed to be one of the most psamg next-generation energy storage
systems due to its superior high theoretical sjpeeiiergy density as well as sulfur’s inexpensive,
nontoxic characteristics and abundance in natul.[A conventional Li-S battery is normally
comprised of a lithium metal anode, an organicitigelectrolyte (LE), and a sulfur composite
cathode. The overall reaction is involved with+SL6Li" + 166 — 8Li,S, obtaining an average
voltage of 2.15 V and a specific capacity of 1672hiy [3,4]. Despite so many potential
advantages, a lot of challenges are still needeatltvess. First of all, the raw materials sulfur
(~10* S/cm) and the final product lithium sulfides10*® S/cm) are insulated, and the
transformation during cycling leads to great voluchanges (71 mol/L to 36 mol/L), resulting in
unstable electrochemical contact within the suliectrode and therefore poor rate capability
[4,5]. Secondly, the soluble polysulfide intermeega shuttle between the anode and cathode
during cycling, leading to gradually increased ®lee degradation, capacity fading and

coulombic efficiency declining. Lastly, the poodgntrolled Li/electrolyte interface can cause cell



deformation and even seriously destroy the celhwharpened lithium dendrites.very large
proportion of Li—S pouch cells fail by the Li meabwdering and electrolyte depletion, which is
usually induced by the uncontrolled Li dendritevgiio [6].

Among all the challenges, polysulfide shuttlingose of the main reasons causing low
coulombic efficiency, rapid capacity fading and poate capability of Li—S batteries [2, 5]. The
conventional polymer separators fail to act as lactee physical barrier for polysulfides.
Tremendous effort has been made to modify the datlstructure [3,7,8], tailor electrolyte [9,10]
and control the electrochemical process [11,12pruber to confine polysulfides in the cathode,
however with limited success. Polysulfide shuttliagd capacity fading could be temporarily
suppressed but not be thoroughly avoided.

An alternative solution to polysulfide shuttlingts replace the conventional organic liquid
electrolytes (LE) by polymer electrolytes [13] oenge inorganic solid electrolytes [14,15].
However, poor ionic conductivity at room temperatuand non-intimate interfacial contact
between electrolyte and electrode materials indaoge internal resistance of solid-state Li-S
batteries, and therefore limit their performancedamhigh charge/discharge rate [16,17]. A
possible way is to implant hybrid electrolyte to-3.ibatteries, with inorganic solid electrolyte
being used as polysulfide barrier while organictetdyte [18,19], ionic liquid electrolyte [20,21]
or gel-polymers [22,23] used as wetting agent tprowe interfacial contact and as high speed
bridge for fast Li transportation [24,25]. Among these hybrid eldgtes referred above, oxide
electrolytes, such as LAGP (lgAlgsGe s(POy)3), LATP (LiysAlsTii APOy)s), etc., are usually
used as the inorganic barrier. However, the ionidactivity of oxide electrolytes is still not high

enough to satisfy the high-rate operation of thé&tebias. Furthermore, it necessitates high



temperature for calcination. Sulfide solid electte$ (SSE), such as, k5eRS;, [26], LizPsS;;
[27], Li1oSNRS;2[28] and LbssSii 741.44511. Clo3[29], is more attractive than oxides due to its
ionic conductivity higher than 5xT0S/cm and feasible deformability at ambient temjpeea in
spite of its undesirable sensitivity to moisturéefefore, in comparison with oxide-liquid hybrid
electrolytes, the combination of SSE and orgaujgidi electrolyte (SSE-LE) is more promising to
construct a hybrid electrolyte system which enatilesbatteries operate at high rate.

In this work, a Li-S battery is fabricated with higbelectrolyte consisting of a highly ionic
conductive sulfide solid electrolyte (65nR.S;,, with ionic conductivity of 3.33><I§)S/cm) and
liquid electrolyte (LE, 1M LiTFSI DME/ DOL(50-50, 96)+1% LiNGs), pre-soaked Li metal
anode and S-C composite cathode, exhibiting a supdéigh rate capability. At a high
charge/discharge rate of 5C (12.532 mA or 7.10 mA)cthe Li-S battery with hybrid electrolyte
shows an initial discharge capacity of 659.4 mAhdgjntaining at 471.4 mAh/g and 413.3 mAh/g
after 50 and 100 cycles with the capacity retentdrv1.53% and 62.67%, respectively. The
sulfide solid electrolyte, LHSnBS,,, is chosen as inorganic solid electrolyte heretduts cheap
price, natural abundance of raw materials, andaégipethe high ionic conductivity. Moreover, a
robust structure of the {JSnPS;, membranes obtained after 560 annealing ensures the
batteries free of polysulfides shuttle and lithidendrite penetration, making it more competitive
than other highly ionic conductive SSE, such ag$SiBSs. The electrochemical process and

structure/ morphology change of the SSE-based thyln$ battery are also detailly investigated.

2. Experimental

2.1 Materials synthesisand characterization



Stoichiometric LjS, S, Sn and & (Sigma-Aldrich,>99.99%) were loaded in a tungsten
carbide jar and mechanically alloyed under argomoaphere(@<0.5 ppm, HO<<0.5 ppm) by
using 8000D Mixer/Miller at 875 rpm for 60 h forettpreparation of LHSnNPS;, compound. The
ball-milling process was intermittently paused dnel reactants were manually mixed every 10 h
for homogeneity. The ball-milled powder was theeved by a 500-mesh sieve and cold-pressed
into pellets with to diameter of 15 mm and thiclsxe$ 0.85 mm under a pressure of 320 MPa.
The SSE was finally obtained by annealing the almmltets at 500C for 30 h in sealed silica
tube with a vacuum level higher than3Pa. S-C composite was prepared by heating a
well-ground mixture of S and ketjen black at 265or 20 h in a sealed silica tube [3] from which
sulfur could distribute homogeneously inside theroi and meso-pores of ketjen black via
capillary action (see ESI, Figure S1).

The morphology of the samples was characterizedsinyg a JEOL JED2300 thermal field
emission scanning electron microscopy (SEM) opegatit 2.0 kV, and its energy dispersive
X-Ray spectroscopy (EDS) accessory was used faregieanalysis. Thermogravimetric analysis
(TGA) was performed to study the S content in thé Somposite, with Blas a flow gas and a
ramp rate of 10C/min. The accurate sulfur content was determiedet 57.17% by TGA (see
ESI, Figure S2). The phase structure of the SSEamaly/zed by using a Panalytical Empyrean
multipurpose X-ray diffractometer (XRD) with a CuxK1.5406A) radiation in the diffraction
angle range of 10°— 90°. Raman spectroscopy watorpexd on inVia confocal Raman
microscope ((Renishaw)) with a 532-nm diode-pumpelitd-state laser and a grating of 1800
lines/mm. In order to protect the SSE against antbmoisture, samples were covered by a

transparent kapton tape during XRD and Raman measunts.



2.2 Electrochemical performance measurements

lonic conductivity of the SSEs was obeyed Arrherlaw: o4.T = A exp(-Ea/kgT). It was

measured by AC impedance methoda@olartron 1260A frequency response analyzer. Fer th

measurement, the SSE powders were cold-pressegdtitds (15 mm diameter and ~0.7 mm

thickness) under 350 MPa pressure, with carbontpam both sides as inert electrodes.

Conductivity was calculated by equatien= L/(RS), wherelL, R and S represent thickness,

resistance and electrode area of samples, respigctiv

The Li stripping/plating behaviour was studied oymmetric cells with a structure of

Li/LE/SSE/LE/LI, and the test was conducted by gsanWuhan Land CT2001 battery tester. The

symmetric cell was assembled by stacking a Li fail, SSE pellet and another Li foil into a

Swagelok battery mould, with 1@ ether-based LE dropped between the SE pellettlzad.i

electrodes.

A Li-S battery with hybrid electrolyte was asseatbin a Ar-filled glove-box (©<0.5 ppm,

H,0<<0.5 ppm) with a sandwich structure of —)SUS/ Li/-8BE-LE (liquid electrolyte, 1M

LiITFSI DME/Dol-1%LiNGs)/ S/ SUS(+. Lithium foil was pre-soaked in LE fddays, and dried

naturally until its surface showed a gel state kefieing used as the anode. The pretreatment is

helpful to form a SEI layer mainly composed of I[#30]on Li surface, which can alleviate the

interfacial incompatibility between 14SnR.S;;and Li[31]. Meanwhile, it can also improve the

contact between them. The cathode was obtainedttaganic spraying an alcoholic suspension

of S-C composite, LA133 binder and acetylene blé&®10:10, w %) on carbon paper. The

cathode was wetted by transient dip into LE beime. 10uL LE was additionally dropped on

each side of the SSE membrane and the SSE memieanthen covered by the anode and the



cathode to form the sandwich structure. Finallg Hatteries were packaged into CR2032-type
coin cells.The batteries were stored in glove-box one nighiredest.

For comparison, Li-S batteries with only LE or S8K;,SnRBS;, compound) were also
assembled. For the liquid-electrolyte battery, #mesemble procedure is the same as the
hybrid-electrolyte battery, except that the SSE imame was replaced by LE-wetted Celgard®
2400 membrane. For the all-solid-state battery, dbmposite cathode was firstly prepared by
ball-milling a mixture of sulfur, ketjen black ar&SE (25:25:50, w.%) at 450 rpm for 6 h. The
composite cathode were then cold pressed on oreo§i8SE under 300 MPa. Li foil was put on
the other side of SSE. Finally the Li/ SSE/ S-Qdatire was loaded in a homemade cell mould for
battery test. The galvanostatic charge-dischargewas carried out on a Wuhan Land CT2001
battery tester with different charge/discharge.rétee cut-off voltages were setat 1.5V and 2.8 V.
Cyclic voltammetry (CV) was performed to investg#tie redox reaction of the Li-S batteries at a

scanning rate of 0.1 mV/s between 1.4V and 3.0 V.

3. Results and discussion

3.1 Materials evaluation

In this study, LigcSNRS;; is synthesized by high energy ball milling plusipannealing. This
synthesis route is different from the one reporitedorevious study [28], whera long-term
solid-state reaction (> 216 h) under a high tentpesa> 60F°C) was carried out for the synthesis.
By using our new method, both the time and powesyoithesis can be greatly saved, making it a

promising large-scale synthesis route Q&nPS;».
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Figure 1. Material characterizations of the SSE samples. SBM image of the LSnRS;, powder; (b)

photograph of the LSnRS;;membrane ¢15 mmx 0.85 mm); (c) EDS mapping of the $$nR.S,;, membrane,

and the inset shows the SEM image of its crossesecfd) XRD patterns, (e) Raman spectra and (f) AC

impedance spectra of the SSE samples before ardaaftealing.

Figure 1 presents the material characterizationlte®f the LigSnRS;, (SSE) samples.

Typical morphology of the as-annealed BnRS;, powder is shown in Figure 1 and Figure S3.

The particles are interconnected/agglomerated ustets with diameter of several hundred

nanometers in the powder. For the as-milled andathannealed LiSnBS;, (see Table S1)

powders, S/Sn and P/Sn mole ratios are 11.82,&h@111.55, 1.97, respectively, which is not so

perfectly consistent with but very close to thedtmmetry S/Sn=12, P/Sn=2. As shown in Figure

1b and 1c, it can be observed that the SSE membaa very dense and smooth surface with no

visible cracks or pores. Such a robust structussgociated with the inter-connected nano-sized

morphology of the green powder which improves tivgesing performance. EDS mapping

(Figure 1c) shows that all the elements, S, SnRrate homogeneously distributed in the SSE

membrane. This robust structure is similar to thghfemperature-sintered dense ceramics.



Remarkably, such a dense structure is rarely fonrather SSEs, for example,.B-P.Ss system
[27], due to their relatively low sintering tempena (230260 °C) which is necessary to avoid
undesired decomposition. Thus;d9nR.S;, membrane can be used as both electrolyte fordast
transport and robust physical barrier for the sapgion of polysulfides shuttling and lithium
dendrite penetration, in all-solid-state and hyigfelctrolyte Li-S batteries.

Figure 1d shows X-ray diffraction patterns of adlediand as-annealedbSnRS,, samples.
The broad diffraction peak around®1i8 attributed to a kapton tape cover on the sasnfilae
powder synthesized after ball milling is typicalymorphous since no diffraction peaks are
identified from the XRD pattern. After annealindnetintense diffraction peaks attributed to
Li;oSnRS;, can be obviously identified [27], indicating thagll-crystallized LioSnRS;, is
obtained. Figure 1le shows the Raman spectra @3fe(LioSNRS;,) membrane before and after
annealing. The peaks below 200 trare attributed to poor bonded*Lilts broad profile is
consistent with the structure disorder of lithiunbdattice. The peak at 276 &nis probably due
to PS tetrahedra. The most intense peak around 351 isnattributed to SnStetrahedra. The
presence of two overlapped intense peaks aroundc#®Dis possibly originated from two
different structural sites of R$etrahedra. The Raman result is in accordancethéthreported by
P. Bron [28] who collects information from the Ramspectra of LiSnS and LgPS,.

The AC impedance spectra of the SSE samples stmeatyonic conductivity behavior with
a tail at low frequency and a semicircle at higggirency (disappears in the as-annealed sample
due to its high ionic conductivity), as seen inUfg 1f. The as-milled SSE sample shows a low
ionic conductivity of 7.39x18 S/cm, which is greatly enhanced by about 3 ordemsagnitude to

3.33x10° S/cm after annealing at 50 for 30 h. This high ionic conductivity of SSE cha



attributed to its similar structure to the supergoconductor LigcGeRS,,, with a one-dimensional
(1D) lithium conduction pathway along the ¢ axi$][2i* can freely move through the crystal
lattice via direct jumps between the partially qued positions rather than unoccupied interstitial
sites. The SSE with extremely high ionic condutyivé promising for fabricating Li-S batteries

with high rate capability.

3.2 Battery performance

Li—S batteries with hybrid electrolyte are fabredhere with S-C composite cathode (with S
load of 0.85 mg/cf Figure S1 and Figure S2), LE-SSE hybrid electeglgnd Li foil anode. The
Li foil was soaked in LE for three days before uBkis process helps to form a protective SEI
film (mainly composed of LiF) on the surface offtil [6,31]. An average open circuit voltage of
about 2.36 V is observed on the as-assembled iesttefigure 2 shows the galvanostatic
discharge/charge profiles of the Li—S batteriehwiybrid electrolyte at different rates (1 C =
1675 mA ¢ or 2.5 mA or 1.42 mA/cf). All the profiles share the same features wita th
liquid-electrolyte batteries, that is, consist wbtdistinct discharge plateaus and two overlapped
charge plateaus. These stepwise discharge andecpaofiles are the consequence of a two-step
conversion betweeng@nd LbS/Li,S; via the formation of intermediate lithium polysdés [1,2].
Therefore, the Li-S batteries with hybrid electielyand with liquid electrolyte have the same
reaction mechanism within the electrodes. In facthybrid-electrolyte batteries, the electrode
materials are still under liquid-electrolyte envinoent, while the solid electrolyte membrane only
acts as a barrier and an ion-conductor betweereldetrodes but does not participate in the
electrochemical reaction (Figure 2d). The init@pacity of the first plateau is relatively

independent on the discharge rate (close to 300/g)Aee Figure 2c), while the capacity of the



second plateau decreases with increasing dischateg32].
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Figure 2. Electrochemical performances of the Li-S battength hybrid electrolyte. (a-b) Galvanostatic
charge-discharge profiles at a charge/dischargeaf0.2C and 5C; (c) Initial cycling performancedéferent
charge/discharge rates; (d) Scheme of the Li-®hattith hybrid electrolyte; (e) Cycle performarared capacity
retention at different charge/discharge rates.

At a low charge/discharge rate of 0.2C, the Li-8dwg with hybrid electrolyte exhibits an
initial discharge capacity of 1217.3 mAh/g and deacapacity of 1350.9 mAh/g. The discharge
plateau (%) is of 2.10 V and the charge plateau is of 2.28rasulting in a quite small
overpotentiallV = 0.18 V. After 50 cycles, the capacity decrease471.2 mA h/g for discharge
and 474.4 mA h/g for charge. This fast decayingagfacity is possibly related with side reactions
between SSE and electrodes or LE, which lead ttiregous loss of active materials. This point
will be detailly discussed later. For 1.5C, 3C &t the Li-S batteries with hybrid electrolyte
exhibit an initial discharge capacity of 1011.3 ngh956.9 mAh/g, 659.4 mAh/g and charge
capacity of 1103.3 mAh/g, 1025.3 mAh/g and 682.7higiArespectively (see Figure 2b,e, Figure

S4). The corresponding discharge platedf) @d charge plateau are of 2.04 V, 1.98 V, 1.89 V



and of 2.32 V, 2.35 V, 2.40 V, respectivellv€0.28 V, 0.37 V and 0.51 V, Table S2). Both

discharge voltage and capacity of the studied hesteare superior to those of hybrid Li-S

batteries composed by oxide solid electrolyte sash AGP [22, 23], which is possibly related

with the higher ionic conductivity of SSEs. It'swbus that a higher charge/discharge rate can

cause a lower capacity and a higher overpotenials possibly due to a larger cathode

polarization caused by a high coverage of the aisedIL}S particles on the carbon skeleton when

the batteries operate at a high rate [32].

As shown in Figure 2e and Figure,Sdt a charge/discharge rate of 1.5C and 3C, therlatt

capacity decreases slowly during cycling, maintajna level higher than 540 mAh/g after 100

cycles with the capacity retention respectivelyp4f51% and 58.05%. Especially, at a higher rate

of 5C, the Li-S battery with hybrid electrolyte st®an initial discharge capacity of 659.4 mAh/g,

maintaining at 471.4 mAh/g and 413.3 mAh/g for bdigcharge and charge process after 50 and

100 cycles with the capacity retention of 71.53% &8.67%, respectively. Besides, the batteries

keep a high second discharge plateau more thanvle®@n after 100 cycles under 5C operation.

This is the first report on hybrid-electrolyte Likatteries which can successfully run more than

100 cycles at an extremely high rate of 5C. Sucheagecellent rate capability makes the

hybrid-electrolyte Li-S batteries with 4gB5nPS;, membrane very competitive compared to

previously reported liquid-electrolyte Li-S bate=si[33,34] and hybrid-electrolyte Li-S batteries

with oxide electrolyte membrane [23, 24].
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Figure 3. Comparison of the battery performance betweenSBE-based hybrid-electrolyte batteries and the

liquid-electrolyte batteries. (a) Rate capability) Coulombic efficiency and (c) Cycling performarafethe two
kinds of batteries.

Here the performance of Li-S batteries with thrééeknt electrolytes, hybrid electrolyte,
liquid electrolyte and solid electrolyte, is comgar As shown in Figure 3, both the Li-S batteries
with hybrid electrolyte and liquid electrolyte catably operate at a high rate. For both the
hybrid-electrolyte and liquid electrolyte Li-S beies, they possess an initial voltage of 2.40 V
and a voltage plateau of 2.10 V f at 0.2C duringclkdarge (Figure S5). Differently, the
all-solid-state Li-S battery can only operate atvexry low rate of 0.15C due to its high
electrode/electrolyte interfacial resistance. Mwogrp its capacity decreases fast, which is
associated with the fast-growing interfacial resise after cycling (see Figure S6 and Figure S7).
Compared with the liquid-electrolyte batteries, thdrid-electrolyte batteries exhibit somehow
lower capacity. It is ascribed to the active maleldoss by side reactions that will be detailly
discussed later. However, the capacity of the lybléctrolyte batteries is much higher than that
of the all-solid-state batteries, which is benefifteom the improved electrolyte/electrode contact
by wetting the electrode materials with liquid etetyte [18-20, 35].

Despite of the slightly lower capacity, the hybeikctrolyte batteries exhibit higher

coulombic efficiency and better activating perforroa than the liquid-electrolyte batteries. As



shown by Figure 3b, the coulombic efficiency of thdrid-electrolyte batteries is stable at about

100%, while the coulombic efficiency of the liquaectrolyte batteries gradually decreases to

lower than 100% after about 40 activating cycldse Toulombic efficiency approaching 100%

implies that polysulfide shuttling is thoroughly pgpuessed in the hybrid-electrolyte batteries,

proving that the LipSnRS;; membrane acts as a perfect physical barrier forpiblgsulfide

intermediates. Moreover, the liquid-electrolyte tbags exhibit an activating process when

operating at high rate, which is reflected by tmadgal increase of capacity during the initial

cycles (Figure 3c and Figure S5) [36]. This acth@iprocess is absent in the hybrid-electrolyte

batteries, showing their better activating perfano&

Table 1. Electrochemical performance of the SSE-based tiyddactrolyte batteries, in comparison with other

reported hybrid-electrolyte batteries and liquidettolyte batteries.

Capacity Discharge plateau
Electrolyte (m;/S(E:m) Rate (mAh/g) V) Reference
1% cycle 5¢cycle  Flcycle  50"cycle
SSE-LE 3.3 0.2C 1217 471 2.10 2.10 Our work
5.0C 659 471 1.92 1.83 Our work
LAGP-LE  0.18 0.2C 1386 / 2.08 / [37]
LAGP-FDE 0.32 0.1C 1478 915 1.95 1.75 [18]
1.0C 915 668 1.0 / [18]
LATP-LE / 0.2C 1100 830 2.04 1.92 [23]
LATP -LE / 0.1C 978 750 2.03 2.02 [38]
LE / 0.2C 1409 919 2.10 / [36]
5.0C 602 565 1.88 1.95 [36]

* represents after 180cycling.” represents after #aycling.

Table 1 lists some performance parameters of thdiest hybrid-electrolyte batteries with
Li10SnRS;, membrane, in comparison with other reported hybladtrolyte (oxides) batteries and
liquid electrolyte batteries. As shown in Tablerigst of the reported hybrid electrolytes use oxide

membranes (LAGP [18, 37], LATP [23, 38]), which sha low ionic conductivity of about 10



S/cm and therefore lead to low rate capability. Théde-LE hybrid system exhibits a low
discharge voltage plateau even when running at b@ly18]. The hybrid-electrolyte Li-S batteries
with Li;oSnBS;;membrane are comparable to LE system when reféoréte rate performance,
exhibiting a high capacity and high discharge \g#tplateau at a high rate of 5C. Moreover,
there’s no activation process and the coulombicieffcy is stably high. The only drawback is the
capacity loss induced by the instability between lth <SNnRS;, membrane and the electrodes or
LE, which can be avoided by advanced interfacialification techniques [39]. As a result,

SSE-LE hybrid electrolyte system is a promisingdidate for fabricating high rate Li-S batteries.

3.3 Sability and failure analysis of the batteries

To understand the redox reactions that occur iLif& batteries with hybrid electrolyte, CV
tests of the batteries are conducted at a scarofd@iel mV/s from 1.4 V to 3.0 V and the CV
curves are presented in Figure 4a. A Li-S batteith WE is also fabricated here to make a
comparison. Similar to the Li-S battery with LEeth are two visible cathodic current peaks
positioned at 2.30 V and 2.05 V for the hybrid syst corresponding to the conversion of cathode
materials from sulfur to high-order polysulfides &, , 4<n<8) and from high-order polysulfides
to low-order polysulfides (L5, , n<4) and finally to insoluble lithium sulfide @S, /Li,S) ,
respectively. There're two anodic current peakstipoed at 2.40 V and 2.50 V which belong to
the conversion of low-order polysulfides back tgthbrder polysulfides and then tg*%5s[1,2].

It is worth noting that the position of the redaxent peaks in the hybrid-electrolyte battery is
almost the same as the liquid-electrolyte one, kviigyood evidence to demonstrate the excellent

redox dynamics with the hybrid electrolyte system.
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Figure 4. Electrochemical characterization of the Li-S bag®mith hybrid electrolyte and liquid electrolyi&)

CV curves of batteries between 1.4 V and 3.0 Vjrtipedance spectra of batteries after fully chargind.8 V, or
discharging to 1.5 V at a current density of 5C @7rA/cnf); (c) Evolution of the bulk resistandge, the
interfacial resistancB;,; and the charge transfer resistaRgaleduced from the impedance spectra with equivalent
circuit shown in the inset.

The AC impedance spectra of the batteries, as eaeén in Figure 4b and Figure S8-10, are
typically composed of two semi-circles and a taihich correspond to the interfacial resistance,
the charge transfer resistance and the lithiundiiasion at the electrode, respectively [23,40].
In the virginal batteries, the total resistancestii@ Li-S batteries with LE and hybrid electrolyte
are about 5@ and 40Q, respectively. The resistances quickly decreasesout 10Q for the
liquid-electrolyte batteries and 2@ for the hybrid-electrolyte batteries after the stfir
charge/discharge cycle and maintain at this lewelitie whole cycling process (see Figure 4b,
Figure S8 and Figure S9). Both the two types o§Llbatteries exhibit a low internal resistance,
thus promising for fabricating high rate Li-S batte, which has already been demonstrated by
their stable operation at 5C rate (see Figure 3c).

With the equivalent circuit depicted in Figure 4be bulk resistanc®., the interfacial
resistanceRy; and the charge transfer resistafie of the hybrid-electrolyte batteries can be

determined by fitting the AC spectra (Figure STH)e detailed evolution of these resistances is



plotted in Figure 4c. It's obvious that there’'sasiive shift (from 12 to 11Q for charge, and 12

Q to 13Q for discharge, Figure S9) of the bulk resistaRgafter the 1st cycle, which is possibly

a reflection of an irreversible local structure p@ of the batteries. As discharge proceeds, sulfur
transforms to soluble polysulfides, and thus tteeasity of electrolyte increases, resulting in an
increase of the electrolyte resistance. This cbel@nother origin of the increasBgd(from about

10 Q to 11Q for ¥ cycle, and 11Q to 13Q for 2" 10", 25" and 108 cycle, Table S3). It's
highlighted that there’s almost no change of therfacial resistancB, after the ' cycle (Figure
S11), indicating that stable interfaces between BeHbrane and electrodes have been formed.
The charge transfer resistanRg somehow increases during the charge/dischargengy¢tiee
Figure 4c and Figure S11), which might be ascribedhe formation and decomposition of
insulated volume-expanded,5i particles, causing slower mass and electron dgsariNotably,
even after 100 cycles, the Li-S battery with hybeil@ctrolyte still shows a very small total
resistance, enabling a long-term high rate operaifdhe battery.

Remarkably, such a low internal resistance revealedir SSE-based hybrid-electrolyte Li-S
batteries is one or two orders of magnitude loweant that of the previously reported
hybrid-electrolyte Li-S batteries with oxide eledyte membrane [18,23,24]. This low internal
resistance, which is an essential prerequisitéhiign rate operation of the batteries, is of course
benefited from the high ion-conduction ability bietLi,o.SnPS;, SSE membrane as well as the

improved interfacial contact between SSE and eldes.
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As shown in Figure 5a, Li symmetric cells exhibgradually increasing voltage for the case

of both bare Li and Li-soaked, reflecting an unigaimterface between SSE and Li under

electrochemical environment. However, the Li-soakelil exhibits a longer life span (450 h vs.

200 h) and slower voltage increase, demonstratinefter interfacial stability. It is observed tlaat

very smooth SEI layer is formed on Li foil afterd@y soaking in LE, as shown in Figure 5d,

which is mainly constituted of LiF as previouslypogeted by M. Barghamadi et §,30]. This SEI

layer can be a good barrier for suppressing the s@hction between LSPS and Li anode.

Obviously, after 100 h of Li plating/stripping, the foil soaked in LE displays a smooth surface

except some nucleus of Li dendrites. In contrastife bare Li a lot of sharp Li dendrites appear

on the surface (Figure 5c, Figure S12). Meanwliie,formed SEI layer can greatly reduce the

total resistance of the Li symmetric cell, and tharge transfer resistance turns out to be the

dominant part during Li plating/stripping as sholmnthe impedance spectra of the cells in Figure

S13. Therefore, it's reasonable that the hybridsLibatteries with Li-soaked anode exhibit an



improved cycling performance.
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Figure 6. SEM images of the surface and cross section of I8S&te (a,d) and after 18Qb,c,e.f) battery

cycling. Blue zone and pink zone represent the@eetnd surface of SSE (k5nRS,,) membrane, respectively.
Figure 6 shows the morphology change of the S8mEhlnane before and after battery test.

Apparently, the SSE membrane displays a very robtratture without any visible cracks or
before battery test, as shown by the top-view amdsesectional SEM image (Figure 6a,d).
Even though some cracks generate when discharggécpaocess continues, the penetration of
the species in the liquid electrolyte is still keptan extremely low level, which is indicated hg t
low fluorine content along the cross-section of 8E membrane (Figure 6c, Figure S14 and
Table S4), considering that fluorine is a uniquamental signal of the liquid electrolyte which is
originated from the salt LiTFSI.

After 100 cycles, it shows obvious morphology chaog both sides of the SSE membrane
(Figure 6(e, f)). On the side face to lithium anoderough surface with a few huge cracks is
formed, as a result of the etching ofdgSnRS,, under low potential versus ii.[41,42,43].

Fortunately, the existence of liquid electrolytavimen SSE membrane and Li ameliorates this



interfacial degradation as discussed above. Omnither side face to cathode, a plain thick layer
rich of S and F but deficient of Sn and P (see @&3) is observed which probably comes from
the side reaction between $$nRS;, and the intermediate polysulfides in LE. It hasrbe
reported that the nucleophilicity [44] of polysdi@ makes it reactive when contacting with the
elements in high valence state, such as' Tin (NASICON)-type solid electrolyte
Li1+xTi2-xAl«(POy)3[38]. Since LigSnRS;, contains quadrivalent &h a side reaction may also
occur between the {JSnBS;;membrane and the polysulfides, resulting in thécB-thick layer

on the cathode side of SSE membrane. It is wortmgndhat the S-rich layer formed on SSE is
thick (Figure 6f) so it grows continuously duringet cycling process which may cause an
uninterrupted consumption of intermediate polysi@é and therefore the gradual capacity decay,
as shown by the charge-discharge curves in Figuf@ig existence of the unwanted side reaction
can be further verified by observing a non-neglmitself-discharge phenomenon in a
1-week-stored hybrid-electrolyte Li-S battery ($égure S15 and Figure S16), that is, the stored
battery exhibits evidently lower capacity than threshly assembled battery, whose initial
discharge and charge capacities at 0.2C rate decriea964.1 mA h/g and 1063.3 mA h/g,
respectively.

The coexistence of the principal electrochemicattien of the battery and the side reaction
triggers a competitive mechanism, that is, whenbiieries operate at a low rate, the principal
electrochemical reaction is speed-limited so thatgide reaction dominates, resulting in severe
active material loss, and when operate at a higd, the principal electrochemical reaction
prevails over the side reaction and therefore dle bf active materials is ameliorated. This is the

reason why high capacity retention can be achiavelde batteries operating at 5.0C as shown in



Figure 2.

The side reaction is related with the poor chenstability of SSE, which could be improved
by interfacial engineering of the SSEs [41, 42hoVvel approach for preparation of thin protective
layer is under research in our laboratory to de#h vhe stability issues of SSEs and the

development of high rate hybrid Li-S batteries witiproved cycling performance is expected.

4. Conclusions

By using a ball-milling plus vacuum-annealing teiciue, LioSnPS;, membranes with a
ceramic-like dense structure and a high room teatpez ionic conductivity of 3.33x108/cm
have been synthesized. A hybrid electrolyte systemposed of the LiSnRS;, membrane and
an ether-based liquid electrolyte is used to fabeichigh rate Li-S batteries free of polysulfide
shuttling and lithium dendrites penetration. Theutehybrid-electrolyte batteries show an initial
discharge capacity of 659.4 mAh/g at 5C, maintgrah471.4 mAh/g and 413.3 mAh/g for both
discharge and charge process after 50 cycles ahdybles with the capacity retention of 71.53%
and 62.67%, respectively. The excellent rate céipabf Li-S battery with hybrid electrolyte is
believed to be originated from the robust ceraihie-structure and high ionic conductivity of the
Li;ocSnRS;>, membrane, as well as its good interfacial conigitt electrodes. It is proposed that a
competitive mechanism exists between the battezgtichemical reaction and side reaction,
where electrochemical reaction dominates at hitggsraConsequently, the batteries achieve higher
capacity retention under high rate operation. Thie seaction is associated with the poor
interfacial stability of LjocSnRS;, with the cathode as well as with the anode. Theystn

interfacial engineering techniques is being undertato solve this side reaction issue and high



rate hybrid Li-S batteries with improved cyclingfmemance is expected.
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High lights

1. Li;eSnPS;, membrane, synthesized at 500 is used as both separator and electrolyte with a
ceramic-like dense structure and high ionic coriditgtof 3.33x10° S/cm at 25C.

2. An extremely high rate Li-S batter§5C, 7.1 mA/cri) is obtained with hybrid electrolyte.

3. A competitive mechanism exists between the elebtwical reaction and parasitic reaction,
where electrochemical reaction dominates at higliggidischarge rates.

Key words: Li;oSnBS;,; sulfide solid electrolyte; hybrid electrolyte; -6i battery; lithium
dendrites.
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