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Abstract

Solid-state batteries using ceramic solid electrolytes promise to deliver enhanced energy density and
intrinsic safety. However, the challenge of integrating solid electrolytes with electrode materials limits the
electrochemical performances. Herein, we report a solvent-free ceramic-based lithium-metal battery with
excellent performances at a wide temperature range of 45 to 100°C, enabled by inorganic ternary salt of
extreme-low eutectic point. By using garnet electrolyte with molten salts at the electrolyte|cathode
interface, the Li||LiFePO, cells perform a long cycling stably with capacity retention of 81.4% after 1000
cycles at 1 C. High-voltage LiFey 4Mn, (PO, cathodes also deliver good electrochemical performance.
Specifically, commercial electrode pieces with high area capacities can be adopted directly in the quasi-
solid-state lithium-metal batteries. These superior performances are ascribable to the low melting point,
high ionic conductivity and good thermal/electrochemical stability of the ternary salt system. Our
findings provide an effective method on fabrication of solid-state batteries towards practical
applications.

Introduction

The rapid development of electric vehicles and large-scale energy storages arouses huge demand for
lithium-ion batteries (LIBs) with high energy density, long cycling life and intrinsic safety’ 3. Solid-state
lithium-metal batteries (SSLMBs) have been deemed as the promising candidate for their potential
improvements in safety and energy density*~®. However, current SSLMBs have not achieved the
performance goals of energy density up to 500 Wh kg™ and cycling life over 1000 cycles with the
retention of 80% at the cell level”8. Extensively explored inorganic solid electrolytes (ISEs), such as
oxide® 10, sulfide’™ 12 and halide'® * have achieved great progress in ionic conductivity, flame retardancy
and ionic transference number but still suffer from the unsatisfactory electrochemical performance,
predominantly owing to high impedances at various solid-solid interfaces in SSLMBs related to chemical
incompatibility, electrochemical instability and mechanical failure’™ '®. For garnet-type oxide electrolytes,
although thermodynamic stability at interfaces is maintained relatively, the physical contact with
electrodes limits the practical application, which is much more serious in the cathode side, arising from
the rigid particles of cathode composites with a variety of interfaces'’~1°. Considerable efforts have been

devoted to achieve an intimate electrolyte|cathode contact, such as applying liquid electrolyte or polymer

as catholyte?? 21, co-sintering?% 23, and maintaining high pressure during cycling?* 2°. Throughout those

approaches, adding a tiny bit of liquid electrolyte or polymer buffer layer is the most effective way to
decrease the interfacial impedance and achieve long cycling batteries?®. Nevertheless, organic

compounds bring risks to the intrinsic safety of the solid-state battery?’. High temperature co-sintering
could achieve intimate contact between ceramic electrolyte and cathode particles; however, serious

element diffusion at the interface is accompanied?® 2°. Besides, adding pressure control device leads to
sacrificed volumetric energy density'’. Hence, an effective strategy is still highly required.
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Molten salts, referred to the melt of inorganic salts, usually come to sight in the form of eutectic system

30,31

with lower melting point and have wide applications in phase change heat storage , material

32,33 and electrochemical energy storage®?, etc. Molten salt electrolytes have attracted much

synthesis
attention owing to their nonvolatility, thermal stability over the liquid electrolyte as well as high ionic
conductivity achieved since solid-liquid transition occurs. Compared with organic ionic liquid with large-
size organic cations, inorganic molten salts show more accessible preparation, better thermal stability
and are more cost effective. Sadoway et al. reported a Li||Sb-Pb all liquid battery with LiF-LiCI-Lil molten
salt electrolyte that can operate at a current of 1000 mA cm™ 2 and 450°C3°. Recently, an interesting

|36

strategy using low-melting antiperovskite electrolyte of Li,OHCI®®, was demonstrated as a potential

system to combine with high voltage cathode and graphite/Li,Tis0,, anode through ‘melt-infiltration’
process at moderate temperature (~ 300°C) achieving direct solidification of the solid electrolyte into
desired shape and thickness. However, it should be noted that batteries with operating temperature close
to room temperature is most likely to be available for practical application.

Herein, we develop a solvent-free and high-performance Li-metal batteries based on garnet solid
electrolyte and molten salts in terms of electrolyte|cathode integration. The (Li,K,Cs)FSI ternary system of
eutectic transition temperature as low as 45°C is synthesized successfully. By filling a trace amount of
molten salt into the pores of the cathode, the interfacial impedances both at garnet electrolyte|cathode
interface and in the composite cathode decrease significantly. As a result, the quasi-solid-state Li-metal
batteries (QSSLMBSs) using LiFePO, (LFP) and high voltage cathode LiFey 4Mng ¢PO, (LFMP) can deliver
superior electrochemical performances at a wide temperature range of 45 to 100°C. Specially and
interestingly, commercial cathode with high areal capacities can be directly used.

Results And Discussion

Synthesis and characterization of molten salts and garnet
electrolyte

To avoid volatile solvent and flammable organics, the inorganic (Li,K,Cs)FSI ternary system was
introduced into the garnet electrolyte|cathode interface and the pores of the cathode to reduce the
impedance as well as to improve the electrochemical performance and maintain the intrinsic safety of
the cell (Fig. 1a,b). In our work, the (Li,K,Cs)FSI molten salt with high ionic conductivity was chosen as an
ideal catholyte because it demonstrated an ultra-low melting point of ~ 45°C compared with other
reported inorganic molten salt systems3“. In contrast to liquid electrolyte, this inorganic eutectic salt can
guarantee better safety in the battery. The preparation of (Li,K,Cs)FSI molten salt can be facilely achieved
by manual grinding and then simple heating (Supplementary Fig. 1). Optical images of four stages are
presented in Fig. 2a. Concretely, powder mixture containing LiFSI, KFSI and CsFSI, according to the
optimum molar ratio®’ of 30:35:35 from phase diagram (Supplementary Fig. 2) was heated and
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transformed completely into molten salts with a certain of viscosity. The system returned back to solid
state finally through a long period of natural cooling at ambient temperature.

Differential scanning calorimetry (DSC) was applied to accurately measure the phase transition
temperature of ternary eutectic system, showing an ultra-low melting point ~ 45°C for the salt mixture
(Fig. 2b). X-ray diffraction (XRD) patterns of LiFSI, KFSI, CsFSI and eutectic powder were shown in
Supplementary Fig. 3a to identify the structure information. Scanning electron microscope (SEM)
measurements were performed to reveal the micro morphology of eutectic salts (Supplementary Fig. 3b).
To verify the thermal stability of molten salts, the glass fiber separator soaked with molten salts showed
no trace of flame under fire burning (Supplementary Fig. 3c), demonstrating much more excellent flame
retardancy and operation ability at high temperature than liquid electrolyte.

In addition, electrochemical impedance spectroscopy (EIS) results for molten salts were collected at the
temperature range from 10 to 80°C (Supplementary Fig. 3d) and the Arrhenius plot was fitted according
to the calculated ocand T (Fig. 2c). To be specific, the ionic conductivity of the molten salts at 45°Cis 1.9
x 10"4S cm™ " and it increases to 6.6 x10* S cm™ ' at 60°C. Liner sweep voltammetry (LSV) was
implemented to determine the electrochemical window, which is to say the ability to resist oxidation and
reduction. The (Li,K,Cs)FSI ternary system electrolyte can maintain its antioxidation ability at a threshold
voltage of up to 4.5 V versus Li*/ Li at 60°C (Fig. 2d), which endows the qualification to match the ISE
with high-voltage cathode to further increase the energy density.

Garnet electrolyte (Lig 4LazZrq 4Tag 012, LLZTO) was prepared by solid-state reaction. The structure and
morphology information are shown in Supplementary Fig. 4a, b. XRD patterns of both LLZTO powder and
pellet are coincided with the standard cubic garnet phase (JCPDS No0.45-0109) without any impurity
peak. Besides, the optical image and the micro view of LLZTO powder, polished surface and cross section
of LLZTO pellet are shown in Supplementary Fig. 4b. The ionic conductivity of the sintered LLZTO pellet
is about 4.0 x 10°* S cm™ " at 25°C and the impedance spectra of ceramic pellets at the temperature
range of 20 to 80°C are presented in Supplementary Fig. 4c. The calculated activation energy (E,)
according to the fitted Arrhenius curve is 0.43 eV (Supplementary Fig. 4d). Lithium symmetric battery was
also tested to reveal the impedance of garnet electrolytelLi interface at RT, 45°C, 60°C and 80°C
(Supplementary Fig. 5a). To eliminate the adverse effect of surface contamination Li,CO5/LiOH and
further improve the lithiophilic of LLZTO, artificial gold interlayer was sputtered on the thoroughly
polished garnet electrolyte pellet3® 39, Attributed to the enhanced wettability between Li,Au and garnet
electrolyte, the interfacial impedance corresponding to the small semi-circles are 34.2 Q2, 6.1 Q2,3.5 QQ,
0.78 Q at RT, 45°C, 60°C and 80°C respectively, meaning negligible anodic interfacial impedance and it

presents high critical current density and stable deposition/stripping performance (Supplementary
Fig. 5b—d).

Microstructure of the interfaces at the composite cathode
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Next, half cells were assembled and characterized, with the typical configuration of lithium metal anode,
LLZTO solid electrolyte and LFP/LFMP cathode (Fig. 1b). Specially, the polished LLZTO pellet with single-
sided gold layer was immersed in molten lithium to prepare Li anode. A trace amount of molten salt (~ 5

UL cm™?) was then coated on another side of LLZTO pellet, followed by attaching the cathode pieces.

As shown in the across section SEM images, an intimate contact was achieved between cathode and
garnet electrolyte (Fig. 3a, b). Besides, the cathode particles were uniformly covered by the molten salts
(Fig. 3f) in comparison with the isolated particles in the pristine cathode (Fig. 3g). Furthermore, energy
dispersive spectrometer (EDS) mapping was performed to discern the distribution of the main elements.
As indicated in Fig. 3¢, d, lanthanum (La) coming from LLZTO electrolyte and iron (Fe) belonging to
LiFePO, have an obvious dividing line. The sulfur (S) from FSI~ were abundant in cathode side (Fig. 3e),
manifesting that molten salts penetrated the voids and pores of cathode sufficiently. In addition,
commercial cathode piece with the infiltration of molten salts showed a more continuous connection
within particles (Fig. 3h) than the pristine thick cathode (Supplementary Fig. 6). Thus, (Li,K,Cs)FSiI filled in
the cathode could provide a fast ion transport pathway for Li* and relieve the large overpotential as well
as unsatisfactory capacity output at high charge/discharge rate.

X-ray photoelectron spectroscopy (XPS) was employed to detect the component of cathode electrolyte
interlayer (CEI) of LFP after long battery cycling. In contrast to the XPS signals of pristine eutectic salts
(Fig. 3i, k), enhanced LiF signal intensity (685.0 eV) and faint C—N (401.5 eV) and Li3N (398.6 eV) signals

were captured (Fig. 3], 1)*% 41, proving good electrochemical stability of solvent-free molten salts.

Electrochemical performances of the solvent-free Li-metal
batteries

As shown in Fig. 4a, the EIS spectra of Li||[LFP cells consist of an intersection with real axis at high
frequency, representing the total resistance of electrolyte, a semicircle at medium frequency
corresponding to interfacial impedance and a slash related to diffusion of Li-ion at low frequency.
Because of the enhanced wettability of LLZTO and lithium metal with the assistance of Au layer, the
interfacial impedance of half cells referred to the semicircles at medium frequency can almost be
ascribed to the contribution of cathode side thatis 212.2 Q,42.7 Q and 19.6 Q at 45°C, 60°C and 80°C.
The cells using molten salts showed total impedance of 294.5 3, 79.8 Q and 37.0 Q at these three
temperatures respectively, which are close to the counterpart using liquid electrolytes and are much lower
than the cell without any modification (Supplementary Fig. 7a, b). The remarkably reduced resistance is
attributed to the conformal garnet electrolyte|cathode interface with the aid of high ionic conductive
molten salts.

The imitate contact could guarantee improved electrochemical performances for QSSLMBSs. Figure 4b
and 4c show the charge-discharge curves and rate capability for the Li||LFP half cells with active mass

loading ~ 3.3 mg cm™ 2 under various C-rates at 60°C. The cells with molten salts modified cathode
interface exhibit good rate capacity with a low polarization and deliver a high discharge capacity of 163.8
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mAh g™, 159.6 mAh g™ ',155.4 mAh g ',152.9 mAh g " and 145.1 mAh g~ ' for0.1,0.3,0.5, Tand 2 C
respectively. Enhanced rate capacity was also detected at 80°C, as illustrated in Supplementary Fig. 8a, b.
The LFP cathode with active mass loading ~ 3.8 mg cm™2 was cycled at 0.5 C and 60°C, demonstrating a
high capacity retention of 80.4% after 600 cycles, which is much more stable than the counterpart with
liquid electrolyte suffering from serious capacity decay (Fig. 4d). Moreover, half cells can also stably
cycle at a high rate of 1 C and maintain superior capacity of 81.4% after 1000 cycles (Fig. 4e). The
Li||[LFP cells were tested at 45°C and 80/100°C as well to confirm the low melting point and excellent
thermal stability (Fig. 4f). The cells can output the capacity up to 153.3 mAh g~ ! initially and is able to
retain 83.8% of the capacity after 200 cycles at 0.5 C, compared to the similar battery performance with
liquid electrolyte at 45°C (Fig. 4f and Supplementary Fig. 9). Exhilaratingly, LFP half cells could work
stably for 200 cycles at very high temperature of 100°C (Fig. 4f). These superior performances are
benefiting from the conformal interface and fast ion transport by the modification of molten salts with
good thermal stability in the composite cathode.

Furthermore and importantly, commercial cathode pole pieces with high areal capacities could be directly
adopted with molten salts strategy to ameliorate the energy density of solid-state batteries. Commercial
LFP cathode with area capacity of ~ 2 mAh cm™2 were stably operated at 0.1 C and 0.2 C for 60°C or
80°C with near fully utilized capacity and slight fade at each rotation for 100 cycles (Fig. 4g), which is on
account of the fast ion transport pathway established by molten salt (Fig. 3h). It is worth noting that
direct use of commercial electrodes without extra adjustment could save the cost of production line
transformation during the transition from LIBs to SSLMBs and quickly realize the industrialization of
solid-state batteries.

Moreover, high voltage cathode was employed in our QSSLMBs, which can boost energy density. The
LFMP cathodes with active mass loading ~ 3.1 mg cm™ 2 and cut-off voltage range of 2.5 to 4.5 V were
collocated with garnet electrolyte. The rate performance and detailed charge/discharge profiles from 0.1
to 1 C at 60°C with acceptable voltage hysteresis were shown in Fig. 5a, b. Long-cycling tests illustrate an
initial capacity of 135.8 mAh g~ ' and 150.2 mAh g™ ! at 0.5 C and maintained the capacity retention of
85.9% and 92.6% at the 100th cycle for 45°C and 60°C, respectively (Fig. 5¢, Supplementary Fig. 10). The
high voltage threshold of molten salts ensures the implementation of envisage of combining the ISE with
high voltage cathode, much superior to those interlayers, like polyethylene oxide (PEQ) with inferior
antioxidant ability.

Various strategies on improving electrochemical performances of garnet electrolyte-based SSLMBs have
been proposed, such as adding liquid electrolyte, polymer interlayer and composite electrolytes. We
compared our batteries with literature from the aspect of working temperature, active mass loading/area
capacity, rate capacity and cycling life, as shown in Fig. 5d and Supplementary Table 1. According to the
summary data listed above, batteries with molten salts are superior to those with previously reported
strategies and achieve outstanding comprehensive performance, including high area capacity, matching
high voltage cathode, wide working temperature and long cycling life. Besides, we propose that
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(Li,K,Cs)FSI could be applied in other oxide solid electrolyte including Li; 5Alp 5Ge; 5(PO,4)3 (LAGP) or
Lig.34Lag 56TiO5 (LLTO) to relieve the interfacial problem. We also assume that (Li,K,Cs)FSI could play a
role in potassium solid-state battery and might be a potential Na-ion conductor by facilely replacing
LiFSI/KFSI with NaFSI. Such ternary molten salts have lower melting point than binary systems and are
much more advantageous apparently in practical applications.

Simulation on the cells with and without molten salts

Last, finite element modeling was conducted to analyze the concentration polarization and overpotential
during discharge through COMSOL Multiphysics (Supplementary Fig. 11a). Two models were established
according to the experiment data of half cells modified by PEO-LiTFSI (Model 1) and the molten salts
(Model 2) interlayer. According to the Warburg impedance in the EIS spectra of half cells with these two
catholytes, the apparent ion diffusion coefficient Dy, +were 6.82 x 10714 cm? s™1 and 2.65 x 10713 cm?
s~ for PEO-LiTFSI and molten salts schemes respectively (Supplementary Fig. 11b, c). With the
assistance of high ion-conductive and diffusive catholyte, Model 2 could achieve a higher discharge
platform and uniform distribution Li-ions in the cathode particles, in contrast to the counterpart (Model 1)
with lower output voltage and distinct concentration polarization (Fig. 5e, f and Supplementary Fig. 11d).
Therefore, rational design of composite cathode with fast and continuous ion transport pathway is
essential to attain SSLMBs with better electrochemical performances.

In summary, we report a solvent-free, high-performance, ceramic-based Li-metal batteries by adding an
interlayer of a ternary eutectic electrolyte (Li,K,Cs)FSI. The molten salt electrolyte held extremely low
eutectic transition temperature of ~ 45°C, wide electrochemical window (>4.5 V vs. Li*/Li) and high ionic
conductivity ~ 6.6x10"4 S cm™ ! at 60°C along with good thermal stability. Through adding tiny molten
salt as an interface layer to substitute intimate binding for point contact, the solvent-free Li metal
batteries can stably work at the temperature range of 45 to 100°C. The LFP cathode showed high
capacity retention of 83.8% and 81.4% after 200 and 1000 cycles at 45°C and 60°C respectively. Besides,
high area capacity LFP cathode (~ 2 mAh cm™?2) and high voltage cathode LFMP (2.5—4.5 V) were
applied to further enhance the energy density of solid-state batteries. Importantly, commercial electrode
pieces could be used directly without extra modification. Finite element analysis also confirmed that high
ionic conductivity and rapid diffusion inside cathode could relieve the large overpotential and
concentration polarization, further contributing to performance output. This work affords a novel strategy
to address the interfacial problems and shows bright prospect in the high-performance SSLMBs with low
cost.

Methods
Preparation of garnet electrolyte

The cubic garnet-structure Lig 4LasZrq 4,Tag 404, powder was prepared by the solid-state reaction.
Specifically, the raw materials of LiOHeH,0 (20% excess to compensate for Li loss), La,05, ZrO, and
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Ta,05 were mixed and ball-milled according to the stoichiometric ratios with isopropyl alcohol for 600
rpm 5 h, followed by sintering in air atmosphere at 950°C for 6 h to form the cubic LLZTO powder.
Synthetic LLZTO powder was ground with 2 wt% Al,05 as sintering aid and then was pressed into pellets
with approximate T mm in thickness and 12 mm in diameter at 4 MPa. Subsequently, these pellets were
sintered in MgO crucible at 1250°C for 40 min to form dense ceramic pellets. The as-prepared ceramic
pellets were polished with 180, 800, 2000 mesh sandpapers to remove impurities on surface and were
transferred immediately into argon globe box for the following experiments.

Preparation of (Li,K,Cs) molten salt electrolyte

The starting materials used for the synthesis of (Li,K,Cs)FSI were LiFSI (98%, Aladdin), KFSI (98%,
Macklin), and homemade CsFSI, which was synthesized through double replacement reaction of LiFSI
and CsF (99%, Macklin) in ethanol solvent, followed by centrifugation, recrystallization and drying. All
precursors were dried at 60°C in vacuum drying oven and argon box to remove the trace moisture before
use. LiFSI, KFSI and CsFSl in the molar ratio of 30:35:35 according to phase diagram were ground and
mixed in mortar for 30 min. They were then collected into vial and heated at 60°C for 1 h to conduct
eutectic reaction sufficiently. The obtained molten salts were naturally cooled for preservation, ground
into powder when characterizing, and reheated to 60°C in battery assembly.

Preparation of LFP and LFMP cathode

Both LFP and LFMP cathode with active material loading ~ 3 mg cm™ 2 were prepared by mixing the
active material, Super P and PVDF at a weight ratio of 8:1:1 and were then added N-1-methyl-2-pyrolidone
to form homogeneous slurry through THINKY MIXER. The slurry was then doctor bladed on a carbon-
coated aluminum foil and was dried at 60°C for 12 h in vacuum oven. LFP electrodes with area capacities
about 2 mAh cm™2 were purchased directly from Canrd New Energy Technology. All the LFP electrode foil
was cut into pole pieces with a diameter of 8 mm and thoroughly dried in the glove box before use.

Characterizations

Crystal structure patterns of samples were collected through Bruker D8 Advance using a Cu Ka X-ray
radiation source with the 26 range from 10° to 80°. SEM and EDS mapping were performed on a JEOL
JSM-7800F Prime to visualize the micro morphology and the element distribution. The chemical state
and bonding information were characterized by XPS (Thermo Fisher ESCA 250XI) using Al Ka radiation
(A=0.83 nm, hv =1486.7 eV) and the X-ray source was operated at 2 kV and 20 mA. Molten salts & LFP
specimen was analyzed after washing with diethyl carbonate solvent to fully expose the surface of
electrode particles. DSC test was carried out on a DSC 8000 (PerkinElmer) with the temperature range

from 0 to 80°C at a temperature scanning rate of 2°C min~ ' under N, atmosphere.

Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) analysis was conducted on the Biologic VSP-300
workstation from 20 to 80°C with the frequency range of 7 MHz to 100 mHz and 10 mV amplitude. Thin
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gold layers were sputtered on both sides of LLZTO pellet to act as blocking electrodes for ion conductivity
test. Glass fiber separator with 16 mm in diameter and 0.18 mm in thickness was immersed in molten
salts for EIS test at elevated temperatures from 10 to 80°C. Both systems were sandwiched by two pieces
of stainless steel (SS) and assembled into CR2032-type coin cells. The ionic conductivity (o) was
calculated by the following equation:

L

o= RxS

where L represents the thickness of the electrolytes, Ris the impedance at different temperatures, Sis the
contact area between electrolyte and blocking electrode.

Liner sweep voltammetry (LSV) was carries out to analyze the electrochemical stability of molten salts.
Li/glass fiber separator & molten salts/SS cells were employed to measure its electrochemical window.

The scan rate was 1 mV s™ ! with an anodic scan from open circuit voltage (OCV) to 5 V versus Li*/Li.

To evaluate electrochemical performance of batteries, CR-2032 type cells were assembled with
LFP/LFMP cathode, tiny of molten salts (the calculated specific volume was ~ 5 puL cm™ 2 according to
the state at 60°C, LLZTO pellet and lithium anode. In order to improve the wettability between garnet
electrolyte and lithium metal, thin gold layer was sputtered on one side of ceramic pellets, followed by
molten lithium spreading out the surface of LLZTO at ~ 300°C in Ar-filled glovebox. To eliminate the
possibility of direct contact between molten salts and lithium, cathode is placed at the bottom of the coin
cell during test. For the counterpart with liquid electrolyte, the dosage of LiPF¢ (EC: DEC=1:1 vol%) is 10
pL. Galvanostatic cycling was tested on LAND battery system at 45°C, 60°C and 80°C in environmental
chamber with the cut-off voltage of 2.5t0 4.0 V for LFP and 2.5 to 4.5V for LFMP cathode. As for the test
at 100°C, the voltage range of LFP was changed to 2.8—4.0 V. For the rate performance test, half cells
were cycled at 0.1 C,0.3 C,0.5C, 1 Cand 2 C for 5 cycles respectively. As for symmetric lithium batteries,
LLZTO pellets with Au coated on both sides were covered with molten lithium and then were cycled at
assigned current density and temperature.

Finite element simulation

Apparent lithium-ion diffusion coefficient (Dy;+) was calculated through the Warburg impedance (Z,,) in
the EIS spectra according to the following equation:

o T2R2
DLi+ T 9 AZRAFAC202

where Ris the gas constant (8.314 J mol~' K™ 1), Tis the thermodynamic temperature (333.15 K), Ais the
area of cathode (cm?), n represents the electron transfer number in redox process (n = 1 for LiFePQ,), Fis

the Faraday constant (96485 C mol™ "), Cis the molar concentration of Li-ion in LiFePO, (2.28 x 10”2 mol

cm™3) and ois the Warburg factor fitted through the Z'-w™'/2 curve shown above. The D ;+calculated
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through the equation for the LFP with molten salts or PEO-LiTFSI film strategy are 2.65 x 10713 cm? 7'
and 6.82 x 10714 cm? s 7 respectively.

For finite element analysis, Model 1 represents the half cell modified by PEO-LiTFSI (EO: Li* = 16:1) with
low oand Dy;+ and Model 2 represents the half cell with molten salts with higher cand Dy ;+. As for
Model 1 with PEO-LITFS], the electrolyte conductivity parameter o of catholyte in the simulation was set

t0 1.6 x 1074 S cm™" and the D ;+was 6.82 x 1071 cm? s™1 at 60°C. With regard to Model 2, the o of
catholyte was 6.6 x 107 S cm™ because of the infiltration of molten salts into cathode and the D, +was

2.65x 10713 cm?2 s71. The discharge current density was set to 0.3 mA cm™2 for both models and the
arrows in the simulation represent the direction of the current.
Data availability

All data generated and analyzed during this study are included in the article and its Supplementary
Information file. The detailed data for the study is available from the corresponding author upon
reasonable request.
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Figure 1

Schematic illustration and procedure process for the quasi-solid-state battery modified by (Li,K,Cs)FSI
molten salt as catholyte at the electrolyte|cathode interface. a Structure for the solid-state battery with
(Li,K,Cs)FSI molten salt. Molten salts could penetrate into the pores in cathode, enhancing the Li-ion
transport and decreasing the charge transfer impedance above the eutectic transition temperature of the
ternary salts, as well as reducing interfacial impedance at the electrolyte|cathode interface. b Flow chart
of battery preparation procedure with molten salts and the advantages of ceramic-molten salt hybrid
strategy for solid-state Li-metal batteries.
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Physical and electrochemical properties of the (Li,K,Cs)FSI eutectic salt. a Four stages in the preparation
of molten salts, including powder mixture, eutectic reaction, melting and solidification. b The DSC curve

of (Li,K,Cs)FSI powder at a heating rate of 2 °C min™. ¢ Arrhenius plots of the (Li,K,Cs)FSI electrolyte at
the temperatures from 10 to 80 °C. d LSV curves of Li/ (Li,K,Cs)FSI/ SS cells at 60 °C with a scan rate of 1

mV s,
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Morphology and structure characterization of the samples. a,b SEM images of cross-section of the
electroyte|cathode interface (a) and the enlarged view (b). c-e Corresponding element mapping of Fe from
LFP (c), La from LLZTO (d) and S from FSI (e). f-h SEM images of cathode particles with molten salts (f),
the pristine cathode without molten salts (g) and the commercial thick cathode filled with molten salts
(h). iH XPS signals of F 1s (i,j) and N 1s (k,l) for molten salt and the molten salts & LFP specimen after
cycling.
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Figure 4

Electrochemical performance of the quasi-solid-state Li||LFP batteries modified by (Li,K,Cs)FSI molten
salt as catholyte. a EIS spectra of Li|[LFP half cell at 45 °C, 60 °C and 80 °C. b,c Rate performance of
charge-discharge voltage profiles (b) and discharge capacities (¢) from 0.1 to 2 C at 60 °C. d Cycling
performance of the half cell at the C-rate of 0.5 C at 60 °C, compared with the cell using liquid electrolyte.
e Long cycling performance at the C-rate of 1 C at 60 °C. f Cycling performance of the half cell at low-
temperature of 45 °C and high-temperature of 80 °C and 100 °C. g Cycling performance of the cell using

commercial LFP cathode with high mass loading ~12 mg cm™.
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Fig. 5 | Electrochemical performance of the high voltage cathode LFMP (2.5-4 V),
performance comparison and finite element analysis. a,b Rate performance of charge and
discharge profiles (a) and discharge capacity (b) of different rates at 60 °C. ¢ Long cycling of the
cells tests at 60 °C. d Active mass loading and cyele number of the garnet-based SSLMBs in our
work compared with reported literatures using various interface engineering strategies*-0, e,f
Variation of Li-ion concentration on the surface of electrode particles through finite element analysis

n Model 1 with low g and D, - (e) and Model 2 with high ¢ and D, ;- (f).
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