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Chemical and physical short circuits are the main
challenges faced by lithium batteries which compromise

battery performance and safety.1,2 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/O2. 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.3 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.4−12

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.13 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.14−18

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

Li7La3Zr2O12 (LLZO) has been proven to be the most
promising Li ion solid-state electrolyte for its high ionic
conductivity (10−4 S/cm), superior interfacial stability with Li
metal, and large electrochemical window, which is the ideal
solid electrolyte for Li metal batteries.19−25 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.26−28 We
applied atomic layer deposition (ALD) to decrease the

interfacial resistance of garnet and Li metal from thousands
of ohm·cm2 to a few ohm·cm2.27 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 (Li2S8) and Li2S,
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
Li2S and Li2S8. Based on this study, a full Li−S cell using garnet
solid electrolyte was demonstrated, showing high rate perform-
ance (1 mA/cm2) and superior cycling stability with good
capacity retention.
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 μm), as a model system,
in lithium polysulfide solution (Li2S8 dissolved in DME/DOL)
and liquid electrolyte (LiTFSI in DME/DOL). The surface of
the garnet pellet was scrubbed with sand paper to remove
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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., Li2S8, Li2S4.).
The self-inhibiting interface helps to protect the garnet solid
electrolyte from polysulfides and liquid electrolyte environment.
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Li2CO3, followed by immersing in liquid electrolyte or lithium
polysulfide solution for 1 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 Li2S8/DME/DOL, significant SO4

−2 and S2
−2 peaks

were detected on the garnet surface by X-ray photoelectron
spectroscopy analysis (XPS) (Figure 2a). These peaks are
corresponding to Li2SO4 and Li2S. After 30 min of Ar ion
sputtering to clean the surface, a S−2 signal was detected with a
sharp peak and high intensity (Figure 2b). The S2

−2and S−2

peaks most likely originate from Li2S2 and Li2S, which are
decomposition products of the lithium polysulfide Li2S8. The
Zr 3d spectra of garnet with and without ion sputtering in
Figure 2c 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.
To characterize the phase structure, garnet powders were

used to soak into liquids: LiTFSI/DME/DOL and Li2S8/
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 trans-
mission electron microscopy (TEM) to the pristine garnet
powders and electrolyte soaked garnet powders. For the
pristine garnet powder, a highly crystallized 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 h to
characterize garnet powders phase structure. The garnet
powder/sulfur mixture was then washed with carbon disulfide
(CS2) 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.
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.25,29,30 We
found that garnet has thermodynamically favorable reactions
with polysulfide Li2S8, but is stable against Li2S (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 Li2S and Li2SO4 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 Li2S is formed to
protect garnet from further reactions. Our conclusions are

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 (Li2S8 in DME/DOL) for 1 week. (c) Zr 3d XPS spectra of dense garnet pellet before and after Ar sputtering
on surface.

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 1 week. The samples were sealed in a Kapton
bag to avoid oxygen and moisture contamination. (c) 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 1 week.
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consistent with a recent study that reports a solid−liquid
electrolyte interphase (SLEI) due to decomposition of both the
solid and organic electrolytes.1

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 cutoff voltage. The
fast capacity decay and low Coulombic efficiency in conven-
tional Li−S batteries (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 5c 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 μm) 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/
cm2. Regular liquid electrolyte (LiTFSI in DME/DOL) was
used as a liquid electrolyte. Note that no LiNO3 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 ∼1 mA/cm2), the specific
capacity was 550 mAh/g and the cell maintained a high
Coulombic efficiency close to 100%. The 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.
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/
cm2) 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.

Figure 4. Calculated reaction energy of garnet LLZO with Li2S and
Li2S8. Garnet has thermodynamically favorable reactions with
polysulfide Li2S8, but is stable against Li2S. An interphase layer
composed of Li2S and Li2SO4 can provide passivation and stop
interfacial reactions from growing into the bulk garnet.

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 can not only physically block liquid electrolyte and polysulfides, but also suppress Li dendrite growth
toward 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/cm2 were assembled into the hybrid cell. (d)
Rate performance of the hybrid Li−S cell.
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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 computa-
tional study shows that this interface contains electron insulator
Li2S and Li2SO4, 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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