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Experimental Methods
Preparation of LLGO nanoparticles: 
The LLGO particles were synthesized via a high temperature solid-phase method. 

The amounts of lithium carbonate (Li2CO3), lanthanum trioxide (La2O3) and Gallium 
Oxide (Ga2O3) were calculated for Li19La36Ga7O74. The raw materials were mixed by 
ball milling in isopropanol at a rotation speed of 600 rpm for 20h. The resulting mixture 
was dried at 60 ºC and then continuously sintered at 850 ºC for 6 h and 900 ºC for 4 h 
with a heating rate of 2 ºC min-1. And the obtained LLGO was grinded in mortar and 
then was ball milled with Yttria-stabilized zirconia (YSZ) ball (with a diameter of 1 
mm) for 12 h to obtain nanoparticles.

Preparation of solid composite electrolytes (SCEs): 
PEO (Mw ~ 600,000) and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) 

were dried at 60 ℃ in vacuum for 24 h before use. The SCEs were prepared by first 
dissolving PEO and LiTFSI in anhydrous acetonitrile with EO/Li molar ratio of 8:1. 
Different amount of LLGO powder was added into the solution. The solution was 
sealed in a glass vial and stirred at 40 ℃ for 24 h and then cast onto a PTFE dish. After 
drying at 50 ℃ for 24 h in vacuum, the SCEs was obtained and stored in an Ar–filled 
glove box (H2O < 1 ppm and O2 < 1 ppm) for later use. The SCEs was punched with a 
diameter of 16 mm.

Preparation of LLGO solid electrolyte pellet:
The LLGO pellet prepared by solid-phase reaction was cold-pressed through a 

tablet press at a pressure of 60 MPa.
The ionic conductivity (σ) of LLGO can be calculated by Equation 1: 
σ = d / Re∙S (1)
Where σ is the total ionic conductivity, d is the thickness, Re is the total resistance, 

and S is the cross-sectional area.
Preparation of all-solid-state batteries (ASSBs): 
The ASSBs were assembled in 2032-type coin cells by contacting lithium metal 

anode, the as-prepared SCEs and LiFePO4 or NCM cathode. The cathode was 
composed of 80 wt% LiFePO4 or NCM, 10 wt% carbon black, and 10 wt% 
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polyvinylidene fluoride (PVDF) binder. The cathode composite was added into N-
methyl-2-pyrrolidone (NMP) and then coated on aluminum substrate. Subsequently, 
the NMP was removed at 60 °C under vacuum, and the electrode was punched with a 
diameter of 14 mm. The areal mass loading of LFP was 1.4-1.8 mg cm-2. The batteries 
were sealed in an Ar-filled glove box and then housed at 60 °C for 10 h to reduce the 
interfacial impedance between electrode and electrolyte. The cathode material, PLG 
electrolyte and lithium metal foil were stacked into a rectangle with an area of 9×4 cm, 
and assembled into a soft- package lithium-ion battery in an Ar-filled glove box. The 
areal mass loading of LFP was about 2 mg cm-2. The charge-discharge rates were 
calculated with respect to the theoretical capacities of LiFePO4 (170 mAhg-1) and NCM 
(270 mAhg-1), respectively.

 
Characterization of the solid composite electrolytes (SCEs)：
The product was characterized by using the XRD Bruker D8 advance at 40 KV/40 

mA with Cu K radiation (λ=0.154 nm). The morphology of the samples was 
investigated by using FESEM (JEM-7800F). Transmission electron microscopy (TEM) 
images were obtained on the JEOL JEM-2100F with Cs correction. Elemental mapping 
was conducted on an energy-dispersive X-ray spectroscopy (EDS). The particle size 
distribution diagrams of LLGO and LLZO powder samples were obtained by Shimadzu 
SALD-2201 laser particle size analyzer. Differential scanning calorimetry (DSC) were 
carried out on a NETZSCH DSC 200F3 analyzer in N2 in the temperature range of -90 
– -20 °C at a heating rate of 5 °C min-1. FTIR spectra were obtained on PerkinElmer 
FTIR spectrometer in the range of 4000–400 cm-1. Raman spectrum was measured by 
Horiba Raman analyzer in the range of 200–1300 cm-1. TGA and were carried out on a 
NETZSCH STA 409 PC/PG analyzer in N2 in the temperature range of 25 -700 °C at a 
heating rate of 5 °C min-1. The tensile properties of SCEs are measured by a SANS 
universal testing machine at a speed of 10mm/min. The width of the tensile specimen 
is 5mm and the thickness is 0.2mm.

Electrochemical impedance spectroscopy (EIS) measurements were conducted on 
Chenhua electrochemical workstation with an AC amplitude of 10 mV and a frequency 
range from 1 MHz to 0.1 Hz. The ionic conductivity of the SCEs was tested using a 
symmetric SS|SCEs|SS (SS =stainless steel) from 25℃ to 80 ℃. The ionic conductivity, 
σ, can be evaluated by equation 2:

σ= L/RS (2)
Where R, L and S are the resistance, thickness and area of the SCEs, respectively. 
A Li|SCEs|Li battery was assembled to estimate the transference number of Li ions 

(t Li+) through the chronoamperometry test. t Li+ can be deduced by equation 3:

t Li+=Iss/I0 × (V-I0R0)/(V-ISSRSS) (3)

Where V, I0, Iss, R0 and Rss are the applied voltage, initial and steady-state currents 

and the impedance before and after the chronoamperometry test.
Linear sweep voltammetry was conducted with Li|SCEs|SS battery at 60 ºC. 



Cyclic voltammetry (CV) study was evaluated by electrochemical workstations at 
voltage ranges of 2.5-4.0 V with a scan rate of 0.1 mVs-1 at 60 ºC. Galvanostatic 
charge/discharge curves and rate performance tests were performed on a LAND 
CT2001 test system. The stability of the SCEs against Li metal was evaluated by a 
symmetrical Li|SCEs|Li cell at different current densities.

Figure S1.XRD pattern of LLGO precursor particles prepared by pre-sintering at 
850°C.

Figure S2. Digital images of electrolyte powders and pellets synthesized at 850℃ and 
900℃, respectively.



Figure S3. The EDX element composition of LLGO particles in Figure 1b.

Figure S4. (a) Optical image of PL. (b) SEM image(top) of PL. (c) SEM image(cross 
section) of PL.



Figure S5. XRD patterns of PLG with different mass fractions of LLGO.

Figure S6. TGA curves of PL and PLG.



     

Figure S7. Combustion tests of PL.

Figure S8. Combustion tests of PLG.



Figure S9. The chronoamperometry curves of PL at a potential step of 10 mV at 60 
℃. Inset: AC impedance spectra of the same cell before and after polarization.

Figure S10. Impedance spectra of PLG at different temperatures.



Figure S11. Impedance spectrum of PL at different temperatures.

Figure S12. Arrhenius plots of Li+ conductivities of the PLG membranes with 
different content of LLGO.



Figure S13. Digital photos of LLGO pellet diameter and thickness.

   
Figure S14. (a) Impedance spectrum of PLZ at different temperatures. (b) Arrhenius 
plots of Li+ conductivities of the PLZ, PLG composite electrolytes.

Figure S15. (a) SEM image of LLZO particles. (b) The particle size distributions of 
LLZO.



Figure S16. Raman spectrum of LLGO particle held in air for 5 month and Li2CO3 to 
confirm the chemical stability of LLGO.

Figure S17. FTIR spectra for PEO and LiTFSI at (a) 4000–400 cm-1 and (b) 1600–
1150 cm-1.



Figure S18. FTIR spectra for PLZ at 4000–400 cm-1. Inset: FTIR spectra for PL film 
and PLZ film at 1600–1150 cm-1

Figure S19. Voltage profile of the continued lithium plating/stripping cycling of 
Li|PLG|Li battery with a current density of 500 µA/cm2 at 60°C. The plating Li capacity 
is 0.5 mAh/cm2 per cycle.



Figure S20. Voltage profile of the continued lithium plating/stripping cycling of 
Li|PL|Li cell with a current density of 500 μA/cm2 at 60 °C. The plating Li capacity is 
0.5 mAh/cm2 per cycle.

Figure S21. Voltage profile of the continued lithium plating/stripping cycling of 
Li|PLG|Li cell with a current density of 1000 μA/cm2 at 60 °C and 65 °C. The plating 
Li capacity is 1 mAh/cm2 per cycle.

Figure S22. Voltage profile of the continued lithium plating/stripping cycling of 
Li|PL|Li cell with a current density of 1000 μA/cm2 at 60 °C. The plating Li capacity is 
1 mAh/cm2 per cycle.



Figure S23. Nyquist profiles of innitial Li|PLG|LFP and Li|PLG|LFP after cycling for 
1000 cycles at 25 ℃.

Figure S24. Charge–discharge voltage profiles of LFP|PLG|Li, LFP|PLZ|Li batteries 
at 0.1C under 45°C.



Figure S25. Cycling performances of LFP|PLG|Li, LFP|PL|Li at 0.1 C and 45 °C.

Figure S26. Cycling performances of LFP|PLG|Li at 0.1 C and 25 °C.



Figure S27. Cycling performances of LFP|PL|Li at 0.2 C and 60 °C.

Solid electrolytes
Working 

temperature
Discharge capacities Rate capacities Ref.

 50 ℃ 169 mAh g-1 (0.05C) 36(1C)
PEO-Al2O3-LITFSl

 30 ℃ 42 mAh g-1 (0.05C) /
1

PEO-MgAl2O4-LiPF6  70 ℃ 110 mAh g-1 after 100 cycles under 1C / 2

PEO-LGPS-LiTFSI  60 ℃  137 mAh g-1 after 50 cycles under 0.5C 99(1C) 3

PEO-LLZTO-LiTFSI  60 ℃  135 mAh g-1 after 100cycles under 0.1C / 4

PEO-LAGP-LiClO4  55 ℃   121.5 mAh g-1 after 100cycles under 0.2C 95(2C) 5

PEO-LLZO-LiTFSI  60 ℃ 121 mAh g-1 after 100cycles under 0.5C 100.2(1C) 6

(LiTFSI-Al2O3-CPEO)-LLZT  65 ℃
100 mAh g-1 after 100cycles under 160 uA 

cm-2
/ 7



PEO-LLTO  65 ℃ 125 mAh g-1 after 50cycles under 0.05C / 8

PEO-LLZO nanofiber-LiTFSI / / / 9

PEO-PI-LiTFSI  60 ℃ 110 mAh g-1 after 300cycles under 0.5C 124(1C) 10

PEO-Mg2B2O5 nanowire-

LiTFSI
 50 ℃ 120 mAh g-1 after 230 cycles under 1C 72(2C) 11

PEO-5wt%ANF-LiTFSI  40 ℃ 135 mAh g-1 after 100 cycles under 0.4C 95(0.5C) 12

PEO-Ca/CeO2-LiTFSI  60 ℃ 100 mAh g-1 after 100 cycles under 1C 100（2C) 13

PEO-SiO2 aerogel-LiTFSI  18 ℃ 90 mAh g-1 after 200 cycles under 0.5C 170(0.4C)65℃ 14

PEO-SiO2-LiTFSI  90 ℃ 105 mAh g-1 after 65 cycles under 1C 105(1C) 15

PEO-MnO2-LiTFSI  60 ℃ 110 mAh g-1 after 300 cycles under 0.5C 86.6(1C) 16

139.5 mAh g-1 after 50 cycles under 0.5C 

PEO-h/BN-LiTFSI  60 ℃      143.3 mAh g-1 after 140 cycles under 

0.2C 

95(1C) 17

PEO-LLZO particles-LiiTFSI  60 ℃ 107 mAh g-1 after 200 cycles under 0.1 C 77.8(2C) 18

PEO-LAGP-LiTFSI  60 ℃ 100 mAh g-1 after 50 cycles under 1 C 110(1C) 19

PEO-10 wt% LLZTO-LITFSI  55 ℃ 127 mAh g-1 after 200 cycles under 0.2 C 44.5(3C) 20

PEO-LATP/PAN nanofiber -

LiTFSI
 60 ℃ 144 mAh g-1 after 100 cycles under 0.2 C 90（2C） 21

PAN-LLTO nanowires -LiClO4 / / / 22

PEO-LLTO nanowires -LiTFSI / / / 23

120 mAh g-1 after 400 cycles under 0.2 C 

100 mAh g-1 after 1000 cycles under 0.5 C  60 ℃

102 mAh g-1 after 250 cycles under 1 C 

130(1C)

 45 ℃ 110 mAh g-1 after 130 cycles under 0.2 C /　

PEO-LLGO particles-LiTFSI

 25 ℃ 80 mAh g-1 after 120 cycles under 0.1 C /　

This 

work

Table S1. The electrochemical performance of Li metal batteries using different solid 
electrolytes.



Figure S28. Cycling performances of LFP|PLG|Li with different mass fractions of 
LLGO at 1 C and 60 °C.

Figure S29. Cycling performances of LFP|PLG|Li at 0.2 C and 60 °C. The positive 
electrode active material loading is 6 mg/cm2.



Figure S30. Cycling performances of LFP|PLG|Li at 0.1 C and 45 °C. The PLG SCEs 
was held in the air for 5 months. 

Figure S31. FTIR spectra for PLG and PLG SCEs held in the air for 5 months at 4000–
400 cm-1. 
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