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Experimental Section 

SSW-NN method

All simulations based on G-NN potential were conducted by using LASP code1 (Large-scale Atomic 

Simulation with neural network Potential, www.lasphub.com) developed in Liu’s group. Stochastic 

surface walking (SSW)2, 3 method was utilized for the global optimization that can automatically 

explore multi-dimensional potential energy surface (PES) and to identify important structures and 

pathways as demonstrated in our previous work.4-7The G-NN potential was generated by fitting the 

DFT global PES data obtained from the SSW global PES sampling, also known as SSW-NN method, 

which typically speeds up PES calculations by 3-4 orders of magnitude comparing with DFT.8 This 

allows for the efficient PES exploration at the accuracy comparable with DFT calculations. We 

generated the triple-element Li-Zr-Cl G-NN potential via the iterative self-learning scheme of SSW-

NN dataset9 by learning a large number of different compositions and configurations of (LiCl)1-

x(ZrCl4)x at different value of x ranging from 0 to 1. The final Li-Zr-Cl training dataset consists of 

34648 structures, as detailed in Table S1. The root mean square (RMS) errors for the energy and the 

force of the G-NN potential are 1.312 meV/atom and 0.060 eV/Å, respectively. The important low-

energy structures from SSW-NN calculations have been further examined by using DFT calculations 

and the benchmark results are detailed in Table S14, which showed that the energy RMS error is below 

5 meV/atom for important minima. The accuracy is good enough for the SSW global PES search to 

find low energy minima. To further investigate the Li/LZrC interface, we add extra 5784 

configurations to the training set as detailed in Table S2. The root mean square (RMS) errors for the 

http://www.lasphub.com
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energy and the force of the G-NN potential are 2.105 meV/atom and 0.049 eV/Å, respectively. The 

training dataset can be downloaded from (www.lasphub.com/supportings/Trainfile_LiZrCl.tar.gz).

DFT Calculations

All DFT calculations were performed by using the plane-wave VASP (Vienna Ab-initio Simulation 

Package) code,10 where the electron-ion interaction is represented by the projector augmented wave 

(PAW) potential. The exchange-correlation functional utilized to train NN potential was the GGA-

PBE,11 and the kinetic energy cutoff was 450 eV. The first Brillouin zone k-point sampling adopted 

the Monkhorst-Pack scheme with an automated mesh determined by 25 times the reciprocal lattice 

vectors. The energy and force criteria for convergence of the electron density and structure 

optimization were set at 5×10−6 eV and 0.05 eV/Å, respectively. It should be mentioned that we have 

confirmed all important minima by DFT calculations based on BEEF functional12 which considers the 

dispersion correction and thus, if otherwise specifically mentioned, all energetics data reported in this 

work are from DFT calculations.

Conductivity simulation

In order to identify the equilibrated volume (lattice), the initial structure relaxation was always 

carried out for 10 ps using isothermal–isobaric (NPT) ensemble at the target temperature for LZrC 

systems at different composition. The Li+ motion was then simulated by using Nose-Hoover 

thermostat13, 14 at the canonic ensemble for LZrC systems with 432 atoms per supercell up to 100 ps 

with a time step of 1 fs. The Einstein relation was used to determine the Li+ diffusion coefficients (D) 

from the slopes of mean square displacements of Li atom (Δr2) plotted versus simulation time (t):
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   (1)    D = lim
t→∞

< ∆𝑟(𝑡)2 >
6𝑡

The activation energies for lithium diffusion (Ea) were computed by fitting the calculated diffusion 

coefficients to the standard Arrhenius form using the following relation:

    (2)D = 𝐷0exp ( ―
𝐸𝑎

𝑅𝑇)

The Ea values thereby obtained were used to characterize the dependence of averaged diffusion 

barriers on different LZrC compositions. The conductivity of Li+ ions σ was finally derived from the 

Nernst-Einstein relation with the diffusion coefficient D:

       (3)σ =
𝑞2𝐷𝑁
𝑉𝑁𝑎

(
𝐹2

RT)

where Na is the Avogadro constant, q is the charge of the mobile ion (1 for Li+), N is the number of 

Li atoms, F is the Faraday’s constant. 

Synthesis of layered structured LZrC and LHfC SEs

All of the synthetic procedures were conducted inside argon-filled glove box (H2O, O2 ＜0.1 ppm). 

The starting materials used for the synthesis of Li2MCl6 (M=Zr, Hf) solid electrolytes were LiCl(＞

99.9%, Aladdin), ZrCl4 (99.95%, Strem) and HfCl4 (99.5%, Aladdin), which were weighed in a molar 

ratio of LiCl/MCl4 (M=Zr, Hf) =2/1. ~1.5 g batches were prepared while adding approximately around 

2 wt% excess of the MCl4 (M=Zr, Hf) to compensate the losses during the pre-grinding in an agate 

mortar. The mixtures were then handedly ground to homogenize the powders and afterwards loaded 

into ball mill cups with a 40:1 mass ratio of milling media (8 mm and 5 mm in diameter) to the 

precursor powders for the mechanochemical synthesis using the planetary ball milling apparatus. The 

mechanical milling process consist of 5 minutes of milling, followed by 15 minutes of resting and after 
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every 12 hours, the cups were opened in argon-filled glove box and the powder homogenized manually 

again to ensure the absence of reaction hot spots and reduce the loss of sample on the inner walls of 

the cups. The precursor after 84 hours milling was chosen as the final powder for further 

characterization.

Synthesis of Li-Sn alloy powders

The starting materials used for the synthesis of Li-Sn alloy powders were lithium foil (cutting the 

foil into pieces) and Sn powders, which were weighed in a weight ratio of Li/Sn=3:1. ~2 g batches 

were handedly grounded to homogenize the powders and afterwards loaded into ball mill cups with a 

20:1 mass ratio of milling media (5 mm in diameter) to the precursor powders for the mechanochemical 

synthesis using the planetary ball milling apparatus at 300 rpm for 18 hours. 

Ionic conductivity, migration activation energy and electronic conductivity measurements

Ionic conductivity of Li2MCl6 (M=Zr, Hf) were measured by the AC impedance method under an 

argon atmosphere using a Bio-Logic VMP3 electrochemical working station. The synthesized powders 

were cold-pressed into pellets (diameter 10 mm; thickness 0.9-1.1 mm) and simply sandwiched by two 

stainless-steel electrodes. The measurements were performed in a frequency range between 7 MHz 

and 1 Hz with 20 mV driving potential amplitude with respect to the open-circuit voltage. The 

conductivity value is obtained by the standard formula, , where t is the thickness of the pellet, σ =
t

RA

A is the area of the pellet, and R is the resistance value obtained from the EIS measurement. The values 

of R were taken from the real part of impedance whose absolute value of imaginary part was lowest. 

This value of R was confirmed to be identical with the value obtained by fitting to equivalent circuit 
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model. For activation energy measurements, the impedance of sandwiched pellets was measured from 

7 MHz to 1 Hz at temperatures ranging from 30 to 60 °C. The activation energies (Ea) were calculated 

using the equation , where σ is ionic conductivity, σ0 is the Arrhenius prefactor, T  σT = σ0exp ( -
Ea

kBT)
is absolute temperature, Ea is the activation energy, and kB is the Boltzmann constant. The electronic 

conductivities of the Li2MCl6 (M=Zr, Hf) electrolytes were measured according to the direct current 

(DC) polarization curve using ion blocking electrodes of stainless steel. The externally applied 

voltages range from 0.1-0.5 V.

Fabrication of all-solid-state lithium batteries

All of the fabrication processes were conducted inside argon-filled glove box (H2O, O2＜0.1 ppm

＝ . For symmetrical cells, Li|Li2MCl6 (M=Zr, Hf)|Li and Li-Sn-LZrC|Li2MCl6 (M=Zr, Hf)|Li-Sn-

LZrC were assembled with bare Li metal or Li-Sn (Li-Sn alloy: LZrC=3:1 wt%) as electrodes and as-

prepared Li2MCl6 (M=Zr, Hf) as the solid-state electrolyte layer. For the preparation of cathode 

composites, commercial poly-crystal LiNi0.8Co0.15Al0.05O2 (P-NCA) or single-crystal 

LiNi0.5Mn0.3Co0.2O2 (S-NMC), LZrC, VGCF and PTFE powders (Guangdong Canrd New Energy 

Technology Co., Ltd.) were mixed in a 55:35:12:4 or 30:55:12:4 (wt%) ratio and ground together in 

an agate mortar for 60 minutes. The as-prepared Li2MCl6 (M=Zr, Hf) powders were compressed at 1 

ton to form a solid-state electrolyte layer and appropriate amount of cathode composites (Loading: 

~4.5 mg cm-2 for S-NMC composites, ~8 mg cm-2 for P-NCA composites) were then spread on one 

side of Li2MCl6 (M=Zr, Hf) by and pressed at 3 tons to form disc-shaped pellets (10 mm in diameter). 

For all solid-state Li-Sn alloy batteries, Li-Sn powders was spread on another side of disc-shaped 

pellets and pressed together and then assembled in home-made model cells. For all solid-state Li metal 
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batteries, a piece of lithium foil (diameter of 10 mm, thickness of 100 μm) was put on another side of 

disc-shaped pellets and assembled in coin cell (CR-2032) for further electrochemical characterization 

without applying external pressure. All the resistance of solid-state cell was determined using a Bio-

Logic VMP3 electrochemical working station and cycling test was conducted at various current density 

using LANHE (Wuhan, China) and Neware cycler (Shenzhen, China) at 30 oC.

Characterizations

The Synchrotron Radiation X-ray diffraction (SRXRD) patterns of Li2MCl6 (M=Zr, Hf) were 

measured at BL14B1 of the Shanghai Synchrotron Radiation Facility (SSRF).15 The specimen was 

loaded in a quartz capillary (about 0.5 mm diameter) under Ar atmosphere sealed by vacuum silicone 

for the XRD measurements, which is continuously spinning during the experiments, to improve data 

statistics. A monochromatic X-ray beam with an energy of 18 keV (λ=0.6884 Å) and a beam size of 

180 μm  (width) ×200 μm  (height) was adopted. The Mythen 1K linear detector was adapted for high 

resolution powder diffraction data acquisition in Debye-Sherrer mode. The wavelength of the X-ray 

was calibrated using LaB6 standard from NIST(660b).16 Rietveld-refinement based on SRXRD data 

of Li2MCl6 (M=Zr, Hf) was performed using GSAS.17, 18 Powder X-ray diffraction (PXRD) patterns 

of Li2MCl6 (M=Zr, Hf) were obtained over the range of 10o to 80o (2θ) using Philips X’Pert PRO 

SUPER X-ray diffractometer equipped with graphite monochromatized Cu Kα radiation (λ =1.54178 

Å). The specimen was sealed with Kapton film, avoiding the affect from humidity in the air, in a 

designed test apparatus for identification of phase. The high-resolution TEM (HRTEM), high-angle 

annular dark-field scanning transmission electron microscopy (HAADF-STEM) and corresponding 

elemental mapping images were acquired on a FEI Talos-S microscope with an accelerating voltage 
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of 200 kV. All the preparation of samples for TEM analysis were performed by solvent free method 

in argon-filled glove box (H2O, O2 ＜0.1 ppm＝ and protected by argon during the transfer process. 

The morphology, microstructure and elemental component of various powder samples as well as 

Lithium and SEs after cycled were obtained by JEOL-JSM-6700F scanning electron microscope at an 

acceleration voltage of 5 kV. Before SEM characterization, the cycled batteries were disassembled in 

an argon-filled glove box. X-ray photoelectron spectrometer (XPS, ESCALAB 250, Thermo-VG 

Scientific) was employed to analyze the chemical compositions of lithium and SEs before and after 

cycling, respectively. The binding energies were calibrated with respect to the C 1s peak at 284.8 eV. 

The 7Li magic-angle spinning nuclear magnetic resonance (MAS NMR) test was operated on Bruker 

AVANCE AV III 600 WB.
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Figures and Notes

Figure S1. Gibbs triangle of the ternary Li-Zr-Cl composition diagram with formulas simulated by 
SSW-NN. The Li0.5ZrCl4.5, LiZrCl5, Li2ZrCl6, Li3ZrCl7, Li7Zr2Cl15 and Li4ZrCl8 compounds are 
highlighted in red.
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Figure S2. The PES contour plot of LZrC systems containing 750 distinct low energy minima with 
space group higher than P1. The x axis is a distance-weighted Steinhart order parameter (OP), the y 
axis is the potential energy of LZrC obtained from DFT computation and the colour indicates the 
density of states (DOS) for the minima. It worth noting that the left bottom corner with high DOS 
corresponds to 35 different LZrC configurations, which has the same layered pattern of LZrC, but with 
different stacking fault. The energies of those minima configuration are almost degenerated (the largest 
energies difference is 0.02 eV/f.u.), indicating the coexistence of different stacking pattern in the 
synthesized material.
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Figure S3. Unit cells of Ideal Layer structured Li2MCl6 (M=Zr, Hf) crystal obtained by SSW-NN 
method. These crystal structure plots are displayed by the VESTA software.
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Figure S4. Unit cells of M_defect Layer structured Li2MCl6 (M=Zr, Hf) crystal obtained by SSW-
NN method. These crystal structure plots are displayed by the VESTA software.
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Figure S5. Rietveld-refinement fits of Li2ZrCl6 based on Ideal Layered Structure. (a) Synchrotron 
Radiation X-ray diffraction (SRXRD) patterns and the corresponding Rietveld-refinement results. The 
experimental profile is shown in Grey circle; the red line denotes the calculated pattern; the positions 
of the Bragg positions are labeled with yellow short vertical line and the difference profile is shown in 
blue line. (b-e) Crystal structure of Li2ZrCl6 based on the SRXRD refinement results. These crystal 
structure plots are displayed by the VESTA software.
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Figure S6. Rietveld-refinement fits of Li2HfCl6 based on Ideal Layered Structure. (a) Synchrotron 
Radiation X-ray diffraction (SRXRD) patterns and the corresponding Rietveld-refinement results. The 
experimental profile is shown in Grey circle; the red line denotes the calculated pattern; the positions 
of the Bragg positions are labeled with yellow short vertical line and the difference profile is shown in 
blue line. (b-e) Crystal structure of Li2HfCl6 based on the SRXRD refinement results. These crystal 
structure plots are displayed by the VESTA software.
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Figure S7. Rietveld-refinement fits of Li2ZrCl6 based on Zr-defect Layered Structure. (a) Synchrotron 
Radiation X-ray diffraction (SRXRD) patterns and the corresponding Rietveld-refinement results. The 
experimental profile is shown in Grey circle; the red line denotes the calculated pattern; the positions 
of the Bragg positions are labeled with yellow short vertical line and the difference profile is shown in 
blue line. (b-d) Crystal structure of Li2ZrCl6 based on the SRXRD refinement results. These crystal 
structure plots are displayed by the VESTA software.
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Figure S8. Rietveld-refinement fits of Li2HfCl6 based on Hf-defect Layered Structure. (a) Synchrotron 
Radiation X-ray diffraction (SRXRD) patterns and the corresponding Rietveld-refinement results. The 
experimental profile is shown in Grey circle; the red line denotes the calculated pattern; the positions 
of the Bragg positions are labeled with yellow short vertical line and the difference profile is shown in 
blue line. (b-d) Crystal structure of Li2HfCl6 based on the SRXRD refinement results. These crystal 
structure plots are displayed by the VESTA software.
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Figure S9. Difference between the LZrC structure proposed by SSW-NN and the previously reported 
crystal structure. (a) Crystal structure of novel Ideal Layered LZrC obtained by SSW-NN combining 
with the Rietveld-refinement. (b) Crystal structure of novel Zr-defect Layered LZrC obtained by SSW-
NN combining with the Rietveld-refinement. (c) Crystal structure of unstable layered LZrC with edge-
sharing ZrOct-ZrOct obtained by SSW-NN results. (d) Reported crystal structure of LZrC from Rietveld-
refinement results based on the Li3YCl6 crystal model. (e) Reported crystal structure of LZrC from 
Rietveld-refinement results based on the Li3InCl6 crystal model. These crystal structure plots are 
displayed by the VESTA software.
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Figure S10. High-resolution 7Li MAS NMR spectra of the prepared layer structured LZrC and LHfC 
SEs.
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Figure S11. Nyquist plots of the EIS measurement results of the cold-pressed LZrC pellet at different 
temperature ranging from 30 to 60 oC. The impedances are normalized to the respective effective 
contact area.
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Figure S12. Nyquist plots of the EIS measurement results of the cold-pressed LHfC pellet at different 
temperature ranging from 30 to 60 oC. The impedances are normalized to the respective effective 
contact area.
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Figure S13. Electronic conductivity of the prepared layer structured Li2MCl6 (M=Zr, Hf) SEs. (a-d) 
DC polarization curves using symmetric cell configuration at different voltages from 0.1 to 0.5 V of 
cold-pressed LZrC and LHfC pellets, steady current values and corresponding electronic conductivity 
based on Ohm's law of LZrC and LHfC, respectively.
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Figure S14. Metal elementals abundance of reported halide SEs in the Earth’s crust. The black and 
blue solid circles represent metal elementals of reported experimental and calculational halide SEs 
before 1990s and after 2000s, respectively. Red solid circles represent the metal elementals of designed 
novel layer structured SEs. Note that the data derived from Barbalance, Kenneth. “Periodic Table of 
Elements” Environmental Chemistry.com. Retrieved 2007-04-14.
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Figure S15. Arrhenius plots of ionic conductivities values of layer structured LZrC from MD 
simulations in the temperature range from 300 to 450 K for the calculation of theoretical migration 
activation energy.
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Figure S16. Total and direction projected mean-square-displacements (MSD) of Li in layer structured 
LZrC versus time during the 100 ps MD simulation at 450 K, respectively.
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Figure S17. Li ion migration mechanism of the layer structured LZrC SEs based on MD simulations. 
(a) Key local configurations of three Li-ion migration channels in LZrC. The dark-orange ball denotes 
the migratory Li atoms, for more clearly explanation of migration mechanism. The novel migration 
mechanism of Li ion in layered LZrC follows mainly three different channels. For simplicity, the Li 
ions being inside the LZrC layer and between two LZrC layers are noted LiA and LiB, respectively. 
(b) The corresponding energy profiles of the lowest energy barrier migration path of each channel in 
layer structured LZrC.
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Figure S18. The corresponding calculated energy profiles of migration path of each channel in layer 
structured LZrC.
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Note S1: Novel migration mechanism of Li ion in layered LZrC

 To show the Li ion migration pathways in the layered structure of LZrC, we performed a serial of 

MD simulation at different temperatures. The computed ionic conductivity of LZrC is 0.82 mS cm-1 

at 300 K (Figure S15 and Table S10), being close to the experimental results. From the mean-square-

displacement (MSD) and the Li ion hopping progress data as observed in MD simulation (Figure S16 

and Movie S1), we have discovered clearly anisotropic three-dimensional (3D) Li ion migration 

mainly consisting of three different migration channels of Li ion, namely hopping perpendicular to the 

layer (channelI, LiA to LiB), translate within the inter-space between layers (channelII, LiB to LiB) and 

translate within layer (channelIII, LiA to LiA). To further investigate the detailed mechanism at atomic 

level, a 2×2×2 LZrC super cell model is built. The transition states (TS) of all pathways are located 

and the corresponding energy profiles are shown in Figure S17 and Figure S18. 

We first investigated the migration channelI at the minimum configuration. The LiA atom moves 

perpendicular to the LZrC layer, undergoing a nearly trigonal-planar coordination Li at the TS with 

the Li-Cl bonds being 2.27 Å, forming a LiB atom and a LiA vacancy at the final state (FS) (channel I 

in Figure S17a). The migration is endothermic by 0.32 eV with an energy barrier of 0.38 eV (  in 𝑝𝑎𝑡ℎ1
𝐼

Figure S18). Such energy profile is greatly affected by the presence of LiB atoms and LiA vacancies, 

which could be either generated as defects during synthesis or formed during Li migration. When a 

LiB atom presents at the initial state (IS), the LiA moves towards the opposite direction of the LiB, being 

exothermic by 0.29 eV with a barrier of only 0.14 eV (  in Figure S17b). Alternatively, when a 𝑝𝑎𝑡ℎ2
𝐼

LiA vacancy presents at the FS, the migration of LiA towards that vacancy is exothermic by 0.03 eV 

with a barrier of 0.30 eV (  in Figure S18). 𝑝𝑎𝑡ℎ3
𝐼
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ChannelII is a channel for LiB atoms migrating to the adjacent LiB site. In this channel, the LiB atom 

goes through a traditional octahedral-tetrahedral-octahedral (O-T-O) path that generally exists in many 

other halide electrolytes (channel II in Figure S17a). For the first elementary step, e.g., the O-T step, 

the LiB atom moves directly towards a nearby tetrahedral void. The step is endothermic by 0.27 eV 

with a barrier of 0.33 eV (  in Figure S17b). The next half path, e.g., T-O step is the same as the 𝑝𝑎𝑡ℎ1
𝐼𝐼

reverse reaction of the first half, being exothermic of 0.27 eV with a barrier of 0.06 eV. The energy 

profile of this path is also affected by the surrounding environment. When a LiA vacancy present next 

to the LiB at the IS, such as at the FS of , the LiB is rather stable and the energy of the first O-T 𝑝𝑎𝑡ℎ1
𝐼

half path becomes monotone increasing. The only TS is located at the T-O half path. The overall path 

is endothermic by 0.26 eV with a barrier of 0.52 eV (  in Figure S18). 𝑝𝑎𝑡ℎ2
𝐼𝐼

The channelIII can be regarded as the channel for LiA vacancy migrating inside a LZrC layer. The 

LiA atom moves directly towards the LiA vacancy, undergoing a linear bi-coordinated TS (channel III 

in Figure S17a). The step is thermal neutral with a barrier of 0.63 eV (  in Figure S17b). The 𝑝𝑎𝑡ℎ1
𝐼𝐼𝐼

tetrahedral site is unstable for LiA due to the short distance to the adjacent metal (2.15 Å). We have 

also considered the effect of a LiB next to the LiA vacancy at the IS, such as at the FS of . The 𝑝𝑎𝑡ℎ1
𝐼

step is then endothermic by 0.26 eV with a barrier of 0.67 eV (  in Figure S18). 𝑝𝑎𝑡ℎ2
𝐼𝐼𝐼

As a short summary, the novel migration mechanism of Li ion in layered LZrC following mainly 

three different channels where the barriers of different pathways fall into a range of 0.14~0.67 eV. The 

barriers of channelI and channelII are lower than that of channelIII, being close to the apparent activation 

energy observed in the experiment, representing the mainly migration pathways in LZrC. All those 

barriers are highly affected by the chemical surrounding environments, e.g., the formed of LiB and LiA 
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vacancy during Li migration, which is not stable themselves but will accelerate the migration of other 

Li atoms a lot.
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Figure S19. Schematic illustration of the symmetric Li|Li2MCl6 (M=Zr, Hf)|Li Coin-cell without 
external pressure.
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Figure S20. Galvanostatic stripping/plating voltage profiles of a symmetric solid-state Li|LZrC|Li cell 
in the first 1600 h. The current density was fixed at 0.1 mA cm-2 with a stripping/plating capacity of 
1.0 mA h cm-2.
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Figure S21. Performance of all-solid-state lithium symmetric cell with layer structured LHfC SE 
operating at 30 oC. (a) Galvanostatic stripping/plating voltage profiles of a symmetric solid-state 
Li|LHfC|Li cell in the first 600 h. The current density was fixed at 0.1 mA cm-2 with a stripping/plating 
capacity of 0.1 mA h cm-2. (b) Magnified voltage profiles at 0~5, 45~50, 115~120, 195~200, 245~250, 
495~500 and 595~600 h, respectively.
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Figure S22. Nyquist plots of the EIS measurement results of symmetric Li|LHfC|Li cells after 0, 50, 
180, 250, 500 and 600 h galvanostatic cycling, respectively. The change of cell internal resistance can 
be used to explain the evolution process of the interface of Li/LHfC. The impedances are normalized 
to the respective effective contact area.
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Figure S23. Galvanostatic stripping/plating voltage profiles of a symmetric solid-state Li|LHfC|Li cell 
in the first 300 h. The current density was fixed at 0.1 mA cm-2 with a stripping/plating capacity of 1.0 
mA h cm-2.
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Figure S24. Temporal evolution of symmetric solid-state Li|LZrC|Li cell internal resistance in the 
steady state within 24 hours. (a) The equivalent circuit model for fitting EIS measurement results of 
symmetric cell. R1, R2 and R3 represent bulk transport process in SEs, the growing resistance of the 
interphase and the interface Li/SEs. (b) Representative fit of an impedance spectrum of a symmetric 
Li|LZrC|Li cell at 0 h. (c) Temporal evolution of the Nyquist plots of the EIS measurement results of 
a symmetric Li|LZrC|Li cell. (d) Temporal evolution of the resistance of different processes. The 
impedances are normalized to the respective effective contact area.
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Figure S25. SEM images of the surface of the Li-metal electrode obtained from symmetric solid-state 
Li|Li2MCl6 (M=Zr, Hf)|Li cells galvanostatic cycled at 0, 50, 120, 180 and 240 h, respectively. Scale 
bar: 5 μm.
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Figure S26. The atomic ratio of Cl, Li and Zr measured by XPS for the surface of LZrC obtained from 
symmetric solid-state Li|LZrC|Li cells galvanostatic cycled at 0, 50, 120, 180 and 240 h, respectively.
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Figure S27. Temporal evolution of symmetric solid-state Li|LHfC|Li cell internal resistance in the 
steady state within 24 hours. (a) Temporal evolution of the Nyquist plots of the EIS measurement 
results of a symmetric Li|LHfC|Li cell. (b) Temporal evolution of the resistance of different processes. 
Note that the equivalent circuit model and fitting process are the same as Li|LZrC|Li as shown in Figure 
S24. The impedances are normalized to the respective effective contact area.
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Figure S28. Li 1s XPS spectrum, Hf 4f XPS spectrum and Cl 2p XPS spectrum of layer structured 
LHfC obtained from symmetric solid-state Li|LHfC|Li cells galvanostatic cycled at 0, 50, 120, 180 and 
240 h, respectively.
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Figure S29. The atomic ratio of Cl, Li and Hf measured by XPS for layer structured LHfC obtained 
from symmetric solid-state Li|LHfC|Li cells galvanostatic cycled at 0, 50, 120, 180 and 240 h, 
respectively.
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Figure S30. SEM images of the surface of layer structured Li2MCl6 (M=Zr, Hf) pellets obtained from 
symmetric solid-state Li|Li2MCl6|Li cells galvanostatic cycled at 0, 50, 120, 180 and 240 h, 
respectively. Scale bar: 2 μm.
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Figure S31. Schematic illustration of the symmetric Li|Li2MCl6 (M=Zr, Hf)|S-NMC Coin-cell without 
external pressure.
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Figure S32. SEM images of the single-crystal LiNi0.5Mn0.3Co0.2O2 (S-NMC) cathode powder.
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Figure S33. The equivalent circuit model for fitting EIS measurement results of Li|Li2MCl6|S-NMC 
full cells. R1, R2 and R3 represent bulk transport process in SEs, the interface resistance of S-NMC/SEs 
and Li/SEs, respectively.



S 45

Figure S34. Electrochemical performance of the fabricated ASSLMBs with layer structured Li2MCl6 
(M=Zr, Hf) SEs and Li metal anodes operating at 30 oC. Capacity and Coulombic efficiency (CE) as 
a function of cycle number of the Li|LZrC|S-NMC (a) and Li|LHfC|S-NMC (b) prototype cell cycled 
at the charge/discharge rate of 2.0/1.0 C, respectively. All the ASSLMBs tested at the voltage window 
of 2.0-4.2 V vs. Li/Li+ in Coin cells without applying external pressing pressure.
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Figure S35. (a-c) Schematic illustration of the all-solid-state Li-Sn alloy symmetric and full cell, 
respectively.
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Figure S36. SEM images of the synthesized Li-Sn alloy powder.
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Figure S37. SEM images of the poly-crystal LiNi0.8Co0.15Al0.05O2 (P-NCA) cathode powder.


