Stabilizing the Garnet Solid-Electrolyte / Polysulfide Interface in Li-S Batteries

Kun (Kelvin) Fu,'*® Yunhui Gong,"*® Shaomao Xu,"*® Yizhou Zhu,? Yiju Li,? Jiaqi Dai,’
Chengwei Wang,'? Boyang Liu,? Glenn Pastel,” Hua Xie,” Yonggang Yao,? Yifei Mo,"* Eric

* . .
Wachsman,'>* Liangbing Hu">"

"University of Maryland Energy Research Center, University of Maryland, College Park,
Maryland, 20742
’Department of Materials Science and Engineering, University of Maryland, College Park,

Maryland, 20742

@ Equally contributed

* Corresponding author: binghu@umd.edu; ewach@umd.edu



mailto:binghu@umd.edu
mailto:ewach@umd.edu

Abstract

Garnet type solid electrolyte, having high ionic conductivity and large electrochemical stability
window, can be a promising dense ceramic membrane in Li-metal batteries. Among solid
electrolytes, garnet solid electrolytes are so far the only material that is chemically compatible with
Li metal. The integration of garnet solid electrolyte is paramount to addressing the challenges of
chemical and physical short circuits in Li-S batteries, such as Li dendrite penetration and
polysulfide shuttling. However, the stability of garnet solid electrolyte with sulfur-based cathode
materials remain unknown. A great understanding of garnet solid electrolyte and its
electro/chemical compatibility with sulfur cathode materials is therefore urgently needed. In this
work, we investigated the interface chemical stability of garnet-type solid electrolyte with
polysulfides. Experimental and computational results show that an interphase layer may form once
Li;S and Li>SO4 are formed, which can protect the garnet electrolyte from further reaction. This
discovery illustrates that garnet-type solid-state electrolytes are electro/chemically stable against
sulfur/intermediate species and LiTFSI liquid electrolyte. We also demonstrate a full cell using
garnet solid electrolyte to evaluate its electrochemical performance, showing a high rate capability

(1 mA/cm?) and long-term cycling stability with good capacity retention.



Chemical and physical short circuits are the main challenges faced by lithium batteries which
compromise battery performance and safety.'* At the cathode, solvation of active cathode
materials and shuttling of unwanted chemical species in the liquid electrolyte result in “chemical
short circuits”, which deteriorate the Li metal electrode and limit the deployment of new cathode
materials, such as high voltage cathodes, sulfur, and air/O,. In Li-S batteries, the repeated shuttling
of polysulfides between electrodes constantly corrodes the Li metal anode and the loss of active
material will result in low coulombic efficiency.® At the anode, Li dendrite penetration through the
separator causes internal electronic, or “physical”, short circuits. Several strategies have been
reported to prevent chemical and physical short circuits by using a cathode host, small sulfur
molecules, modified separators, or electrolyte additives to alleviate sulfur materials diffusion and
shuttling, and finding ways to delay, confine, or block Li dendrites to extend the cycling lifetime
and avoid thermal runaway in lithium-metal batteries.* 2

The integration of solid-state electrolytes with liquid electrolytes is a promising way to
simultaneously address the challenges associated with chemical and physical short circuits.!® In
the hybrid design, the liquid electrolyte maintains fast ion transport kinetics while the solid-state
electrolyte serves as a rigid barrier to separate electrodes and block the transport of unwanted
chemical species and Li dendrite penetration and extensive studies have been reported to use
LISICON and NASICON type solid electrolyte in Li metal batteries.!*!* However, some solid
electrolytes have low ionic conductivity and some solid electrolyte materials may have side
reactions with Li and decomposition will occur at interface, which cannot be used for Li metal
batteries.

Among different types of solid-state electrolytes, garnet-type LizLa;Zr,O12 (LLZO) has been

proven to be the most promising Li ion solid-state electrolyte for its high ionic conductivity (10



S/cm), superior interfacial stability with Li metal, and large electrochemical window, which is the
ideal solid electrolyte for Li-metal batteries.?*2® Extensive studies of garnet solid electrolytes and
their application in batteries have been reported. Our recent work have successfully addressed the
solid-solid interface of garnet electrolyte and metallic Li and confirmed the long-term cycling
stability of garnet solid electrolyte in symmetric Li/solid electrolyte/Li cells.””?* We applied
atomic layer deposition (ALD) to decrease the interfacial resistance of garnet and Li metal from
thousands of ohm-cm? to a few ohm-cm?.?® However, the electro/chemical stability between garnet
solid electrolyte and polysulfides, which are the main products of sulfur cathode, remains unknown.
In this work, we are focusing on the garnet solid electrolyte and sulfur cathodes to investigate the
interface stability of garnet solid electrolyte with polysulfides (Li2Ssg) and Li,S, which are the main
products of reduced sulfur species, and demonstrate a full cell using garnet solid electrolyte in Li-
S batteries (Figure 1). We have carried out a series of characterizations including XPS, XRD,
Raman, and TEM to study the chemical stability of garnet solid electrolyte with polysulfides, and
used first principle calculations to study the thermodynamic reaction energy of garnet solid
electrolyte with Li>S and Li>Ss. Based on this study, a full Li-S cell using garnet solid electrolyte
was demonstrated, showing high rate performance (1 mA/cm?) and superior cycling stability with

good capacity retention.



-

[e] o

C

Liquid electrolyte

/0\/\0/
sulfur cathode Self-inhibiting Interface
Garnet5SE
i meta\
Garnet SSE

Figure 1. Schematic of solid-liquid electrolyte interface in hybrid Li-S battery. Garnet solid
electrolyte has interface with liquid electrolyte (LiTFSI in DME/DOL) and soluble polysulfides
(e.g. LiaSs, Li2S4.). The self-inhibiting interface helps to protect the garnet solid electrolyte from

polysulfides and liquid electrolyte environment.

To determine the compatibility of garnet solid electrolyte in a liquid Li-S system, experiments
were carried out by immersing a dense garnet disk (~200 um), as a model system, in lithium
polysulfide solution (Li»Ss dissolved in DME/DOL) and liquid electrolyte (LiTFSI in DME/DOL).
The surface of the garnet pellet was scrubbed with sand paper to remove Li»COs3, followed by
immersing in liquid electrolyte or lithium polysulfide solution for one week. The garnet was then
rinsed by DME/DOL solvent and dried before characterization. To prevent samples contacting
with oxygen and moisture, we transfer the samples to the chamber in an argon-filled bag. After
immersing in Li>Ss/DME/DOL, significant SO, % and S; 2 peaks were detected on the garnet
surface by X-ray photoelectron spectroscopy analysis (XPS) (Figure 2a). These peaks are
corresponding to Li2SO4 and Li;S. After 30 minutes of Ar ion sputtering to clean the surface, a

S~2 signal was detected with a sharp peak and high intensity (Figure 2b). The S, *and S~2 peaks
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most likely originate from Li>S, and Li>S, which are decomposition products of the lithium
polysulfide Li>Ss. The Zr 3d spectra of garnet with and without ion sputtering in Figure 2¢ shows
that before sputtering, there is no Zr 3d peak detected on the garnet surface. However, after
sputtering, a Zr 3d peak was detected, which indicates the formation of a solid interphase with

finite thickness on the garnet surface.
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Figure 2. (a-b) S 2p XPS spectra of dense garnet pellet before and after Ar sputtering on surface.
Before XPS analysis, the dense garnet pellet was fully immersed in polysulfides solution (Li2Sg in
DME/DOL) for 1 week. (c) Zr 3d XPS spectra of dense garnet pellet before and after Ar sputtering

on surface.

To characterize the phase structure, garnet powders were used to soak into liquids:
LiTFSI/DME/DOL and Li2Ss/DME/DOL, respectively. Garnet powders have higher surface area
compared to garnet disk and thus have more exposure to liquids. The X-ray diffraction patterns
(XRD) in Figure 3a indicate that garnet powders remain in the cubic phase. Although the XPS
results indicate that liquid electrolyte and garnet solid electrolyte were decomposed to a certain
extent in polysulfide solution, the stable cubic phase and electrochemical performance in Li-S full

cells demonstrate sufficient practical stability for application. Raman spectra of garnet powder



treated under the same conditions confirm that the garnet cubic structure remained stable (Figure
3b). To further understand the morphology change, we conducted high-resolution transmission
electron microscopy (TEM) to the pristine garnet powders and electrolyte soaked garnet powders.
For the pristine garnet powder, a highly crystalized structure can be observed on the surface (Figure
S1). For the electrolyte soaked garnet power, an amorphous layer with a thickness of ~5 nm can
be observed on the surface, which is possibly due to decomposition of the garnet at the electrolyte
interphase (Figure 3c). To further examine the chemical stability with sulfur, we mixed garnet
nanopowders with elemental sulfur in a mass ratio of 1:5 and heated the mixture at 160°C for 24
hours to characterize garnet powders phase structure. The garnet powder/sulfur mixture was then
washed with carbon disulfide (CS») to cleanse them of sulfur before characterizing the structure
by XRD. The XRD pattern in Figure 3d confirms the same cubic structure as the standard garnet

LLZO XRD pattern, indicating the good chemical stability with sulfur.
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Figure 3. (a-b) XRD patterns and Raman spectra of garnet powders after being soaked in liquid
electrolyte (LiTFSI in DME/DOL) and polysulfides solution for one week. The samples were
sealed in a Kapton bag to avoid oxygen and moisture contamination. (¢) TEM image of garnet
nanopowders after being soaked in polysulfides solution for 1 week. (d) XRD pattern of garnet

powders after being soaked in molten sulfur at 160°C for one week.

In addition, first principle calculations were carried out to investigate the chemical stability of
garnet electrolytes with reduced sulfur species. The same approach as in our previous study was

used to identify the most thermodynamically favorable phase equilibria as a potential interphase



layer formed between LLZO garnet and lithium polysulfides.’* We found that garnet has
thermodynamically favorable reactions with polysulfide Li>Ss, but is stable against Li>S (Figure 4
and Table S1). The reaction products contain lithium sulfate and lithium sulfide, which are in good
agreement with our XPS results. An interphase layer composed of Li>S and Li>SO4 can provide
passivation and stop interfacial reactions from growing into the bulk garnet. Therefore, both
computational and experimental results indicate a self-inhibiting interphase layer formation may
occur at the interface once Li>S 1s formed to protect garnet from further reactions. Our conclusions
are consistent with a recent study that reports a solid-liquid electrolyte interphase (SLEI) due to

decomposition of both the solid and organic electrolytes.
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Figure 4. Calculated reaction energy of garnet LLZO with Li>S and LixSs. Garnet has
thermodynamically favorable reactions with polysulfide Li>Ss, but is stable against Li>S. An
interphase layer composed of Li>S and LixSO4 can provide passivation and stop interfacial

reactions from growing into the bulk garnet.



Electrochemical performance of Li-S batteries using the solid-state garnet hybrid electrolyte is
shown in Figure 5. A schematic comparing the Li-S battery with conventional and solid-state
electrolyte membrane is shown in Figure 5a. The soluble polysulfides can diffuse through porous
polymer separator and migrate to the Li metal anode, but cannot penetrate through the dense
ceramic ion conductor, thus avoiding polysulfides shuttle effect, side reactions on Li, and Li metal
corrosion. Polysulfide shuttling behavior occurs while charging as shown in Figure 5b. The
extended charge voltage plateau is typical of polysulfide shuttling, causing longer charging times
before achieving the upper cut-off voltage. The fast capacity decay and low coulombic efficiency
in conventional Li-S batteries (Supplementary Figure S2) ask for the urgent need to use hybrid
solid-state configuration. The hybrid cell was then assembled into a 2032 coin cell with a highly
conductive carbon sponge. The carbon sponge acted as the force absorber and prevented the garnet
ceramic disk from being damaged. The edge of the cell was sealed with epoxy resin. In hybrid cell,
there is no extended charging plateau, and the capacity value is reasonable with a coulombic
efficiency close to 100%. The hybrid electrolyte delivered stable cycling performance without
polysulfide shuttling (Supplementary Figure S3).

Figure 5¢ shows the discharge and charge curves of a hybrid cell at different current densities. The
hybrid cell was made by using a dense garnet (<50 um) and a slurry-casted sulfur cathode and
packaged in coin cells. The coin cells were sealed by using epoxy resin. The sulfur mass loading
was ~1.2 mg/cm? Regular liquid electrolyte (LiTFSI in DME/DOL) was used as a liquid
electrolyte. Note that no LiNOs; was added in the liquid electrolyte. At a current density of 200
mA/g, the sulfur cathode delivered a specific capacity of ~1000 mAh/g with a 100% coulombic
efficiency. With a current density of 800 mA/g (corresponding to ~ 1mA/cm?), the specific

capacity was 550 mAh/g and the cell maintained a high coulombic efficiency close to 100%. The
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rate performance is shown in Figure 5d. The hybrid cell showed good cycling stability at elevated

current density and a good capacity retention at smaller currents.
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‘Figure 5. Electrochemical characterization of hybrid solid-state Li-S batteries. (a) Schematic
of conventional Li-S and hybrid solid-state Li-S batteries. In conventional Li-S, polymeric porous
membrane can neither block polysulfides nor prevent Li dendrite penetration. In hybrid solid-state
Li-S batteries, the ceramic dense membrane cannot only physically block liquid electrolyte and
polysulfides, but also suppress Li dendrite growth towards cathode. (b) Voltage profiles of
conventional and hybrid Li-S cells. An extended plateau in charge plateau indicates the shuttle
effect of polysulfides in conventional Li-S. No shuttle effect occurs in the hybrid Li-S cell. (c)
Voltage profiles of hybrid Li-S cell at elevated current density. Dense garnet membrane and slurry-
casted sulfur electrode with a mass loading of ~1.2 mg/cm? were assembled into the hybrid cell.

(d) Rate performance of the hybrid Li-S cell.
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In summary, we for the first time studied garnet-type solid electrolyte electro/chemical stability
with sulfur cathode materials and demonstrated a Li-S battery using dense garnet solid ceramic
membrane with high rate performance (1 mA/cm?) and good capacity retention. Garnet solid
electrolyte is the most promising solid electrolyte for use in Li-metal batteries, due to its stable
interface with Li metal, high ionic conductivity, and large electrochemical window. Based on this
work, garnet solid electrolyte exhibits a good stability with polysulfides by forming a self-
inhibiting interlayer at the surface. Experimental results indicate that the garnet phase structure
remained stable and an interphase layer with a thickness of ~5 nm was formed in the polysulfide
environment, and computational study shows that this interface contains electron insulator LixS
and Li2SOg4, serving as a protective layer to prevent garnet solid electrolyte from further reactions.
The Li-S battery based on garnet solid electrolyte exhibited a high coulombic efficiency of 100%
and no polysulfide shuttling effect was observed in this Li-S system. This work shows the
promising feasibility of using garnet type solid electrolyte with good electro/chemical stability in

Li-S battery to address the polysulfides shuttling effect as well as Li dendrite short-circuiting.
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Experimental

Garnet solid-state electrolyte preparation. The LLCZN powder was synthesized via a modified
sol-gel method. The starting materials were LiNO3 (99%, Alfa Aesar), La(NOs3)3 (99.9%, Alfa
Aesar), Ca(NO3)2 (99.9%, Sigma Aldrich), ZrO(NO3)2 (99.9%, Alfa Asear) and NbCls (99.99%,
Alfa Aesar). Stoichiometric amounts of these chemicals were dissolved in de-ionized water and
10% excess LiNO3; was added to compensate for lithium volatilization during the high temperature
pellet preparation. Citric acid and ethylene glycol (1:1 mole ratio) were added to the solution. The
solution was evaporated at 120°C for 12h to produce the precursor gel and then calcined to 400°C
and 800°C for 5 hours to synthesize the garnet powder. The garnet powders were uniaxially pressed
into pellets and sintered at 1050°C for 12 hours covered by the same type of powder for
conductivity and stability experiments.

Material characterization. Phase analysis was performed by powder X-ray diffraction (XRD) on
a D8 Advanced with LynxEye and SolX (Bruker AXS, WI, USA) using a Cu Ka radiation source
operated at 40 kV and 40 mA. The morphology of the samples was examined by a field emission
scanning electron microscope (FE-SEM, JEOL 2100F). Raman characterization was done with a
Horiba Jobin-Yvon with the laser wavelength at 532 nm and the integration time of 4 seconds
repeated for 4 times.

First Principles Computation. We considered the interface as a pseudo-binary of Li»S/Li»Sg and
garnet using the same approach as defined in previous work.?® The phase diagrams were
constructed to identify possible thermodynamically favorable reactions. The energies for the
materials used in our study were obtained from the Materials Project (MP) database’’, and the

compositional phase diagrams were constructed using the pymatgen package®'. The mutual
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reaction energy of the pseudo-binary was calculated using the same approach as defined in our

previous work?®.

Electrochemical characterization. To measure the ionic conductivity of the garnet solid-state
electrolyte, an Au paste was coated on both sides of the dense ceramic disk and acted as a blocking
electrode. The gold electrodes were sintered at 700°C to form good contact with the ceramic pellet.
Conductivities were calculated using o = L/(Z x A), where Z is the impedance for the real axis
in the Nyquist plot, L is the garnet ceramic disk length, and A is the surface area. The activation
energies were obtained from the conductivities as a function of temperature using the Arrhenius
equation. The hybrid solid-state cells were prepared in argon-filled glove box. 1M
bis(trifluoromethane)sulfonimide lithium salt (LiTFSI, Sigma) in a mixture of dimethoxyethane
(DME) and 1,3-dioxolane (DOL) (1:1 by volume) was used as the electrolyte for the hybrid solid-
state Li-S batteries. Galvanostatic discharging and charging was measured using a cut-off voltage
window of 1-3.5 V. The cell was then assembled into a 2032 coin cell with a highly conductive
carbon sponge. The carbon sponge acted as the force absorber and prevented the garnet ceramic
disk from being damaged. Battery test clips were used to hold and provide good contact with the

coin cell. The edge of the cell was sealed with epoxy resin.

19



Figure S1. TEM of pristine garnet, showing highly crystalized grain and no amorphous region on

surface.
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Figure S2. Control experiment of conventional Li-S battery using polymer separator membrane.
The sulfur mass loading is ~1.2 mg/cm?. (a) Schematic of shuttling effect in conventional Li-S
battery. (b) Voltage profiles of conventional Li-S battery with a long charge plateau, indicating the

shuttling effect of polysulfides. (c) Cycling performance of the conventional Li-S cell. The cell

shows a fast decay after 10 cycles. (d) Coulombic efficiency of the conventional Li-S cell.
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Figure S3. Cycling performance of hybrid garnet solid-state Li-S battery at a current of 0.1
mA/cm?. The sulfur loading is 1.2 mg/cm?. The hybrid cell delivered high capacity >1000 mAh/g

with negligible capacity fade over 60 cycles, demonstrating no polysulfide shuttling.
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Figure S4. Raman spectrum of cycled garnet solid electrolyte in Li-S battery over 2 months
cycling.
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Table S1. The phase equilibria and decomposition energies of the Li-garnet LisLasZr.012 and
polysulfide Li>Sg. Ratio x is the molar fraction of Li-garnet LizLasZr.O12 in the pseudo-binary
composition (The parent composition of LisLasZr.O:> and polysulfide Li.Sg are already

normalized to one atom per formula).

Ratio x AEp mutual (MeV/atom) Phase Equilibria

0.520 -262.582 Li2S, LaS,, ZrSs, Li2SO4
0.639 -246.345 Li2S, ZrOy, LaS;, Li2SO4
0.721 -219.383 Li2S, ZrOy, LaSO0, Li2SO4
0.771 -201.855 Li,S, ZrOy, La,S0Oy, Li»2SO4
0.808 -181.707 Li2S, Li2SOg, La2SO2, LaxZr,07
0.848 -156.986 Li2S, La2SO2, Li2ZrOs, Li2SO4
0.894 -119.624 LisZr207, Li2SOg4, La2SO2, Li2S
0.909 -103.100 LisZr207, Li2SOs, LazSOg, Li2O
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