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Experimental Section

1.1 Preparation of the asymmetrical multilayered composite Electrolyte

Before preparing the composite electrolyte, PEO (Mv = 6 x 10° g mol, Aladdin), PPC (Sigma-Aldrich) and
LiTFSI were vacuum dried overnight at 70°C. The particle size of the used LLZTO particles (99.99%, MTI-
kejing) was about 500 nm. Firstly, to prepare the SCE membrane which contains 70wt% LLZTO and 30wt%
PEO, the PEO (600 mg) and LiTFSI (392 mg) were precisely measured and introduced into 8 mL of
anhydrous acetonitrile (ACN, Sigma-Aldrich). The mixture was subjected to continuous stirring at 60°C for
a duration of 8 hours. After that, LLZTO(1400mg) was introduced into the solution. In order to maintain
the uniform distribution of particles, LLZTO was introduced into the prepared PEO solution with
continuous stirring at 80°C for overnight, following by ultrasonically dispersed for 1 h before casting. The
scale bar for the all horizontal cross section images of TOF-SIMS is 100 x 100 pm. The asymmetric
multilayer composite electrolyte was prepared using the same method layer by layer. An argon-filled
glovebox with an H,0 and O, concentration of 0.1 ppm was used for all operations.

1.2 Characterizations

A scanning electron microscope (TESCAN MAIA3 LMH) was used to examine the morphology of MSCE, SCE,
PPC, and PEO surfaces and cross-sections. The cross-section samples were obtained through liquid
nitrogen quenching. TOF-SIMS characterization analysis was performed using a TOF-SIMS 5-100
spectrometer (ION-TOF GmbH). Analysis chamber was maintained under ultra-high vacuum conditions of
2 x 1072 mbar. A 2k eV Cs* ion beam (sputtering rate estimated at ~¥0.03 nm s~!) was used for depth analysis
of the LFP cathode with a sputtered area of 300 x 300 um. X-ray photoelectron spectroscopy (XPS, AXIS-
ULTRADLD-600W) was performed to characterize the compositions of Li anode surface with depth profiles.
All the testing procedures of XPS are strictly insulated from air. The chemical composition information was
characterized with Fourier-transform infrared (FTIR) spectrometer (Nicolet iS50) in the range of 4000 —
400 cm™2.

1.3 Electrochemical tests

To measure ionic conductivity, SCE was sandwiched by two stainless steel (SS) electrodes, and tested by
Princeton electrochemical workstation at from 30 to 80°C. The stability of SCE under high voltage was
characterized by the SS/SCE/Li cell using linear sweep voltammetry (LSV). The LFP (1 C=170 mAh g) and
NCM622 (1 C=160 mAh g?) cathodes were prepared by mixing LFP/NCM622 particles, Super P, and
polyvinylidene fluoride (weight ratio: 7:2:1) in N-methylpyrrolidone solvent. The mixture was then coated
onto aluminum foil. The LFP/MSCE/Li and NCM622/MSCE/Li 2032-type coin cells were constructed with Li
metal as the anode and the cathode active materials loading was approximately 1.2 mg cm=2. The
assembled cells were activated at 80°C for 8h before test.

Experimental details for measuring the ionic conductivity of MSCE: Firstly, to initiate the activation
process, the prepared MSCE was placed between a stainless steel (SS) electrode and a lithium electrode,
with the PPC side facing the lithium. The assembled cell was then subjected to an activation process at
80°C for 8 hours. After activation, the cell was immediately disassembled and reassembled into a stainless
steel symmetric cell. Subsequently, the cell was tested using a Princeton electrochemical workstation at
temperature ranging from 30 to 80°C to get electrochemical impedance spectroscopy.



Discussion

The close contact between the CEl/cathode and SEl/anode during cycling should be attributed to the
unique composition and structure of the as-formed interfacial films on cathode and anode and discussed
as follow.

Firstly, the 3D rendered images and chemical-depth profiles of organic species in Fig. 3b and 3c illustrate
the formation of a compact and thin CEl film (about 8nm thick) on the LFP cathode paired with the PEO-
SCE. Additionally, the impedance analysis in Fig. S7 demonstrates that such a dense and thin CEl film can
consistently keep close contact with cathode which enhances the fast Li* diffusion through the interface.
What’ more, the intact and well-structured LFP/PEO-SCE interface after cycling in Fig. 3a also suggests that
the in-situ generated CEl film is beneficial for protecting and maintaining close contact with the cathode
particles during the long cycling, which should be attributed to the unique organic and inorganic species
distributions, such as LiF, Fe metal fluoride/oxide and P-containing components in the CEl film on the LFP
cathode paired with the PEO-SCE (Figure 3f and S12-17).1

On the other hand, the in-depth XPS analysis in Fig. 4d-f demonstrates that the SEI derived with SCE-
PPC contains more PPC-derived products, Li,CO3; and LiF due to the "self-sacrifice" of PPC. The Li,COs3
species distributed in the outer layer of SEI (Fig. S24a) can effectively hinder the further decomposition of
the electrolyte and ensure the stability of the SEI during long cycling.! Furthermore, the preferable
presence of ROCO,Li and ROLi in the inner layer of SEI (Fig. S24a and b) can help wet the interface and
construct close interfacial contact between the electrolyte/anode, as evidenced by the dramatic decrease
in interfacial resistance and close contact of SCE-PPC with Li after activation.?*

Last but not the least, a LiF-rich SEI film is in-situ generated on Li anode and concentrates in the inner
layer of SEI (Fig. S24c), which can induce the uniform deposition of Li and hinder the growth of Li dendrites
and inhibit the irreversible reaction after cycling ( Fig. S25).5¢
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Figure S1. a) Size distribution of pristine LLZTO particles. b) XRD patterns of the as-prepared PEO, LLZTO
and PEO. c) SEM images of MSCE with hierarchical structure (l), EDS mapping of MSCE, the elements of
lanthanum (ll), zirconium (lll), tantalum (1V), carbon (V), oxygen (VI), sulfur (VII) and fluorine (VIII). d) The
cross-sectional SEM image of SCE.
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Figure S2. a) Temperature dependent ionic conductivity of PEO (10:1), SCE, PEO-SCE and PEO-SCE-PPC;

Electrochemical impedance spectroscopy (EIS) comparison of b) reassembled activated SS/PEO-SCE-
PPC/SS , c) SS/PEO (10:1)/SS, d) SS/PEO-SCE/SS, e) SS/SCE/SS cell, f) Temperature dependent ionic
conductivity of PEO-SCE-PPC and PEO-SCE-PPC (thinner).



Table S1. The ionic conductivity data of SCE, PEO-SCE, PEO-SCE-PPC, PEO (10:1) and PEO-SCE-PPC (Thinner)

lonic PEO-SCE-
- PEO-SCE-
conductivity SCE PEO-SCE PEO (10:1) PPC
PPC (thinner)
[S cm]

30°C 6.42x10% 2.15x10°  3.21x10% 5.71x105 2.06x10*
40°C 1.43x105 6.27x105  5.95x10%  1.39x10%  3.73x10*
50°C 2.71x10° 1.24x10*  8.28x10%  2.64x10*  5.67x10*
60°C 458x10° 2.30x10%  1.09x103  4.71x10*  7.96x10%
70°C 7.96x10° 3.98x10%  1.50x103 7.25x10% 1.04x103
80°C 1.22x10% 5.69x10*  1.77x103 1.01x103 1.30x1073




Figure S3. Typical surface morphologies of the LFP cathode and Cross-section SEM images of LFP/MSCE
obtained from the LFP/MSCE/Li battery after 10 cycles at 0.1C at 40°C.
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Figure S4. LSV for SCE and PEO-SCE at 60 °C with a scan rate of 10 mV s™1.
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Figure S5. a) Charge-discharge curves and b) cycling performance of NCM622//Li batteries using SCE and
PEO-SCE-PPC.
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Figure S6. a) Cycling performance of LFP/MSCE/Li pouch cells at 40°C. b) Charge-discharge curves of
LFP//Li batteries using SCE and PEO-SCE-PPC at 30°C.
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Figure S7. EIS of the LFP/Li batteries using a) PEO-SCE and b) SCE after different cycles at 0.1C. c) The

equivalent circuit used to fit the impedance data.
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Figure S8. a) Charge-discharge curves of LFP/SCE/Li at 40°C. b) Charge-discharge curves of LFP/PEO-SCE/Li
at 40°C. c) Cycling performances of LFP//Li batteries using SCE and PEO-SCE.



Table S2. Impedance parameters for LFP/Li batteries using PEO-SCE and SCE electrolyte.

Sample PEO-SCE SCE
Impedance [Q] R R Rt R Rt Rt

Original 72.54 40.79 473.6 46.48 54.86 341.4
After 5 cycles 60.61 28.41 698.1 21.38 29.68 902.9
After 10 cycles 53.53 34.8 731.9 47.71 48.65 1927
After 20 cycles 51.01 29.66 7785 46.6 31.6 1590
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Figure S9. The normalized depth profiling of several secondary ion fragments of interest on the surface of
the cycled LFP cathode in the PEO-SCE electrolyte after 10 cycles at 0.1 C.



Sputtering Depth (nm)
0 15 30 45 60 75 90

-
o

o
[

o
o

o
s

Normalized Intensity

o
o

e
(=]

— LiO"
0 500 1000 1500 2000 2500 3000
Sputtering time (s)

Figure S10. The normalized depth profiling of several secondary ion fragments of interest on the surface
of the cycled LFP cathode in the SCE electrolyte after 10 cycles at 0.1 C.



Figure S11. TOF-SIMS chemical imaging of CH,~, C,HO" and CsF species on the cycled LFP cathode surface
with PEO-SCE and SCE (based on TOF-SIMS test data of a diagram).
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Figure S12. TOF-SIMS depth profiles of CP-, C,P- and PO~ on the cycled LFP cathode surface with PEO-SCE

and SCE.



CP- o
PEO-SCE

Max

Figure S13. 3D render of the composites (CP-, C,P- and PO") concentration distribution on the cycled LFP
cathode surface with PEO-SCE and SCE (based on TOF-SIMS test data of a diagram).
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Figure S14. TOF-SIMS depth profiles of FeFs, FeF,” and FeF on the LFP cathode surface with PEO-SCE and
SCE.
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Figure S15. 3D render of the composites (FeFs", FeF,” and FeF") concentration distribution on the cycled
LFP cathode surface with PEO-SCE and SCE (based on TOF-SIMS test data of a diagram).
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Figure S16. TOF-SIMS depth profiles of FeOs, FeO, and FeO- on the LFP cathode surface with PEO-SCE and
SCE.
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Figure S17. 3D render of the composites (FeOs", FeO, and FeO") concentration distribution on the cycled
LFP cathode surface with PEO-SCE and SCE (based on TOF-SIMS test data of a diagram).
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Figure S18. TOF-SIMS depth profiles of C,FgNO4S,” on the cycled LFP cathode surface with PEO-SCE and
SCE.
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Figure S19. EIS of the LFP/SCE-PPC/Li cell during the activation process at 80 °C.




Figure S20. Typical SEM images of the contact interface between SCE-PPC and Li-metal electrode before
and after activation.
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Figure S21. Voltage profiles of the continued lithium plating/stripping cycling of symmetric cells with a)
PEO-SCE-PPC, b) 10 wt% LLZTO -SCE and 70 wt% LLZTO -SCE at current density of 0.05 mA cm™.
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Figure S22. C 1s, O 1s and F 1s XPS spectra of the cycled Li anode surface obtained from Li/SCE/Li

symmetrical battery after 10 cycles.
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Figure $23. C 1s, O 1s and F 1s in-depth XPS spectra at various etching time of 10, 20,30 and 40s on the Li
metal surface obtained from Li/SCE/Li symmetrical battery after 10 cycles.

Binding Energy (eV)

Binding Energy (eV)



(a) (b)

100 100

—_—
(2)
~—

—=—L1,CO, C 1s of SCE-PPC —+—ROLi 0 1s of SCE-PPC F1s F in SCE
——ROCO,LI ——ROCO,Li 80 :
9 801 —cco s 80 ~f o 9 LiF in SCE-PPC
= e £ : e
2 60 £ 60 £
s E © S0 -CHF-0CO,- in SCE-PPC
g a0 et . | 2 St o
g / \_\ g 40 , ' g
I 201 < g0 % < o “CHF-0CO,- in SCE
g B | -
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
(d) Etching time (s) Etching time (s) Etching time (s)
Etch time: | | [y Cts||Etchtime 01s| |Etch time LA Fis
10s P fi 10s 10s A
/\‘”\ :
: i P y/ /\/’ \
3 P Etch time | - | O1s | | Etch time 4 Fi1s
& |20s /\/ B\ 20s / \ 20s LA
.a o =t : “‘-\~ J ﬁ/ : \
£ | Etch time! Etch time Etch time Poa F1s
~ |30s 30s 30s N
;|
\ : \
298 294 290 286 282 540 536 532 528 695 690 685 680
Binding Enerngy(eV) Binding Energy(eV) Binding Energy(eV)

Figure S24. The atomic composition ratios by XPS measurement of the SEI film formed on the Li anode of
a)C1s,b)O 1sandc) Fls.d) C1s, O 1s and F 1s in-depth XPS spectra at various etching time of 0, 10, 20,30
and 40s on the Li metal surface obtained from Li/SCE-PPC/Li symmetrical battery after 10 cycles.
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Figure $S25. SEM images of typical surface morphologies of the Li anode cycled after 100 cycles with PPC
and SCE-PPC.
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Figure S26. Schematic diagram of the PPC “self-sacrifice” process.
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Figure S27. Digital images of PEO-PPC and PEO-SCE-PPC before and after activation process at 80°C.
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Figure S28. Voltage profiles of the continued lithium plating/stripping cycling of symmetric cells with PEO-
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