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Supplementary Figure 1. a-d, Charge and discharge curves of Li metal cell (with
excess Li) using LGPS (a), LSiPSCI (b), LPSCI (¢), LPS (d) solid electrolyte. The cells
are cycled at a current density of 0.08 mA cm™, at 30 £ 2 °C, with an applied external
pressure of 25 MPa. The mass of “specific capacity” refers to the mass of active material
(L1Co02) in the positive electrode.
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Supplementary Figure 2. Potential vs. time of the initial three charge/discharge cycles
of the three-electrode cell with excess lithium metal using LSiPSCI. For three electrode
cells (homemade mold, similar to Swagelok type), LiCoO2 was used as the working
electrode (WE), lithium metal was used as the counter electrode (CE) and Lio.3sIn was

used as the reference electrode (RE). The three-electrode cells are cycled at a current
density of 0.08 mA cm™, at 30 + 2 °C, with an applied external pressure of 25 MPa.
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Supplementary Figure 3. Cycling performance of LPS-based AFBs, which are cycled
at a current density of 0.08 mA cm™, at 30 + 2 °C, with an applied external pressure of
25 MPa. The error bar represents the standard error for three indepedent experiments.
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Supplementary Figure 4. Morphologies of surface and cross-sections of SSEs
pellets. a-c, SEM images of the LGPS pellet surfaces (a) and cross-sections (b and c).
d-f, LSiPSCI pellet surfaces (d) and cross-sections (e and f). g-i, LPSCI pellet surfaces
(g) and cross-sections (h and i). j-1, LPS pellet surfaces (j) and cross-sections (k and
1). The solid electrolyte powder is pressed into pellet with an applied external pressure
0f'412.5 MPa. The prepared pellets are used for surface morphological characterization.
The pellets are broken apart for cross-sections morphological characterization.




surface (b) retrieved from AFBs (using LGPS) after charging to 4.2 V of the first cycle.
The cells are cycled at a current density of 0.08 mA cm™, at 30 = 2 °C, with an applied
external pressure of 25 MPa.



Supplementary Figure 6. SEM images of the copper disk surface of AFB. a-c, after
discharging to 2.8 V in the second cycle with LSiPSCIl (a) and LPSCI (b), after
discharging to 2.8 V in the third cycle with LPS (¢). The cells are cycled at a current
density of 0.08 mA cm, at 30 + 2 °C, with an applied external pressure of 25 MPa.
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Supplementary Figure 7. X-ray CT of AFBs with LSiPSCI after short circuit. The
AFBs are cycled at a current density of 0.08 mA cm™, at 30 + 2 °C, with an applied
external pressure of 25 MPa. The X-ray CT measurement is carried out after cell short
circuit (three cycles). The orange dotted line refers to the formed crack inside SSEs
after cell short circuit.
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Supplementary Figure 8. (a) Operando 'Li NMR spectrum (with LPS) after charging
to 4.2 V. (b) Operando ’Li NMR spectrum (with LPS, only showing the lithium metal
signal) in the pristine state, after charging to 4.2 V and after discharging to 2.8 V. The
operando cells are cycled at a current density of 0.08 mA cm™, at 30 + 2 °C, with an
applied external pressure of 23.6 MPa.



Supplementary Figure 9. SEM image of cross-section of deposited lithium in
LSiPSCl-based operando AFBs. The thickness of deposited lithium is around 3.2 pm.
The operando cells are cycled at a current density of 0.08 mA cm™, at 30 + 2 °C, with
an applied external pressure of 23.6 MPa. The negative electrode was harvested after

charging to 4.2 V of the first cycle.



2000

circu b
- 2000 % short circuit

- 1500

- 1500

/( - 1000 /ﬁ
| 500 500
high
s LPSCI | 5

280 260 240 220 200 40 35 30 25 280 260 240 220 200 " 45 g o

"Li Chemical shift (ppm) Voltage (V) low "Li Chemical shift (ppm) Voltage (V)

- 1000

__/
Time (min)

N

__—/

Time (min)

Supplementary Figure 10. Contour plots of operando ’Li NMR spectra and their
corresponding charge/discharge curves of AFBs with two kinds of SSEs. a and b,
LSiPSCI (a), LPSCI (b). The operando cells are cycled at a current density of 0.08 mA

m2, at 30 £+ 2 °C, with an applied external pressure of 23.6 MPa. The wide arrows

indicate the appearance of NMR signal at higher chemical shift.
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Supplementary Figure 11. a, Accumulation of dead Li and SEI during cycling. The
relative amount is calculated as the capacity due to the formation of dead Li or SEI-Li
divided by the charge capacity achieved at the first cycle. The error bar represents 30%
standard deviation of spectral noise. b, The relative ratio of total accumulated dead Li
and SEI-Li. The total accumulated dead Li/ SEI-Li is the sum of irreversible capacity
from dead Li/SEI-Li in first two cycles for LSiPSCI and LPSCI, and in first five cycles
for LPS. The operando cells are cycled at a current density of 0.08 mA cm™, at 30 +
2 °C, with an applied external pressure of 23.6 MPa.
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Supplementary Figure 12. In situ EIS spectra of Li|SSEs|Li symmetric cell during
resting. a — d, EIS spectra atdifferent rest times of LGPS (a), LSiPSCI (b), LPSCI (c),
LPS (d). The error bar represents the error between the raw and fitted data. The
symmetric cells are tested at 30 = 2 °C and with an applied external pressure of 12.5
MPa. Prior to the EIS test, all batteries were left in open circuit voltage for 20 mins.
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Supplementary Figure 13. a, EIS spectrum and the corresponding fitting results of a
Li|LSiPSCI|L1 symmetric cell after 2h resting, the inset is the equivalent circuit used
for fitting. b, ¢, The evolution of the impedance from SEI formation (Rskr) (b) and bulk
resistance (Rs) and grain boundary resistance (Rgs) of SSEs (¢) during resting period
for these four SSEs. d, the fitted normalized resistance of grain boundary resistance
(RcB) of SSEs of the four systems. e, the fitted normalized resistance of SEI formation
(RsEr) of the four systems. The error bar represents the error between the raw and fitted
data. The symmetric cells are tested at 30 + 2 °C and with an applied external pressure
of 12.5 MPa. Prior to the EIS test, all batteries were left in open circuit voltage for 20
mins.
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Supplementary Figure 14. Electrochemical performance of a Li|LSiPSCI|Li cell
cycling at 0.1 mA cm/0.1 mAh ecm™ at 30 + 2 °C, with an applied external pressure of
12.5 MPa.
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Supplementary Figure 15. The ex situ XPS spectra of Li
cell before and after cycling. a-f, Li 1s spectra (a), S 2p spectra (b), Si 2p spectra (¢),
P 2p spectra (d), Cl 2p spectra (e), chemical equation for the reduction of SiSs* to
Si2Se% (f). Li|LSiPSCI[Li cells were cycled with 0.1 mA cm™ and 0.1 mAh cm™, at 30
+ 2 °C, with an applied external pressure of 12.5 MPa. The cells were disassembled for
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Supplementary Figure 16. a, Schematic of cell orientation with respect to the external
magnetic field. b, Ex situ SEM measurements for Li metal electrode deposited in an
operando NMR cell with non-aqueous liquid electrolyte solution ¢, The ex situ NMR
spectra of lithium metal in different experimental conditions. d, Ex situ SEM
measurements for Li metal electrode that was firstly deposited in an operando NMR

cell with non-aqueous liquid electrolyte solution,

LFP refers to LiFePOa.

then harvested and pressed at 50 MPa.
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Supplementary Figure 17. a, ex situ 'Li NMR spectra of uncycled Li strip with
thickness of 370 um when pairing with LCO/Lo.sCO (partially delithiated LiCoO2, LCO
charging to 4.2 V) and LPS. The cells are charging to 4.2 V at a current density of 0.08
mA cm?, at 30 £ 2 °C, with an applied external pressure of 25 MPa.



LPSCI

LPS

Intensity (arb.units)

;

LSiPSCI

280 260 240 220 200
’Li Chemical Shift (ppm)

Supplementary Figure 18. Operando 'Li NMR spectra of deposited lithium metal on
Cu in AFBs with different SSEs after charging to 4.2 V in the first cycle. The operando
cells are cycled at a current density of 0.08 mA cm™, at 30 = 2 °C, with an applied
external pressure of 23.6 MPa.



Supplementary Figure 19. Schematic representation of dead Li (i.e., the orange
geometrical figures) in a non-aqueous electrolyte solution (i.e., the light blue area)
confined within two copper electrodes (i.e., the light grey areas). Dark brown lines
represent the SEI formed around the Li metal particles
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Supplementary Figure 20. Operando "Li NMR spectra of LPS-based AFBs before
and after rest. a, in the first charge and rest process. b, in the 5™ charge and rest process.
The operando cells are cycled at a current density of 0.08 mA cm™, at 30 + 2 °C, with
an applied external pressure of 23.6 MPa.
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Supplementary Figure 21. Charge and discharge curves of LPS based AFBs (for
operando NMR experiments) resting 12h after charging to 4.2 V. a, The 5 and 6™
cycle (a), enlarged view of the 6™ charge (b). The operando cells are cycled at a current
density of 0.08 mA cm™, at 30 + 2 °C, with an applied external pressure of 23.6 MPa.
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Supplementary Figure 22. Charge/discharge curve of AFBs with LGPS cycled at a
current density of 0.24 and 0.4 mA cm™. The AFBs are cycled at 30 + 2 °C, with an
applied external pressure of 25 MPa.
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Supplementary Figure 23. a-d, Complex impedance plots and fitting results of
C|SSEs|C (C refers to carbon coated Al foil that is served as blocking electrode)
battery with LGPS (a), LSiPSCI (b), LPSCI (¢) and LPS (d). The inset in a) shows the
equivalent circuit model for data fitting. The pellet density is summarized in
Supplementary Table2. The cells are tested at 30 = 2 °C, with an applied external
pressure of 25 MPa.
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Supplementary Figure 24. Digital images of ex situ/operando cell and
corresponding pressurization device. a, ex situ cell and pressure sensor used for
pressure calibration, the external pressure is around 25.5 MPa (200 kg). b, ¢, operando
cell for NMR in the assemble (b) and disassemble (c) state. d,e, torque wrench used for
pressure calibration, the applied torque is around 0.95 Nm, which corresponds to around
907.8 N (23.6 MPa).



Supplementary Figure 25. Digital image of assembled three-electrode solid state
cell.
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Supplementary Figure 26. Ex situ postmortem photographic picture of the
electrode and electrolyte components of the all-solid-state cell. a, cell charging to
4.2 V of the first cycle. b, cell after ten cycles. The cells are cycled at a current density
of 0.08 mA cm™, at 30 + 2 °C, with an applied external pressure of 25 MPa.



Supplementary Table 1. Comparison of Coulombic efficiencies of Li metal cell (with
excess lithium metal) and AFBs (LiCoO: as positive electrode active material). The
cells are cycled at a current density of 0.08 mA cm™, at 30 = 2 °C, with an applied

external pressure of 25 MPa.

LGPS LSiPSCI LPSCl LPS

Ist st 2nd st 2nd  Ist 2nd  3rd 4th  5th
Li 86.1 874 96.0 889 97.7 831 969 98.0 981 985
metal
cell

AFBs 0 82.4 780 829 8277 8.5 979 912 872 90.0




Supplementary Table 2. The calculation results of SEI-Li and dead Li of the first cycle
of LPS based AFBs without considering corrosion. (discussed in Supplementary Note
2)

Ccharge Cdischarge CLi depo Cdead Li CSEI—Li
0.242 mAh 0.198 mAh 0.234 mAh 0.035 mAh 0.009 mAh
(79.5%) (20.5%)




Supplementary Table 3. The calculation results of SEI-Li and dead Li of the first cycle
of LPS based AFBs with considering corrosion (discussed in Supplementary Note 2)

Ccharge Cdischarge Ccorro CLi depo Cdead Li CSEI—Li
0.242 mAh 0.198 mAh 0.005 mAh  0.239 mAh 0.036 mAh 0.008 mAh
(81.8%) (18.2%)




Supplementary Table 4. The calculation results of SEI-Li and dead Li of the 5™ cycle
of LPS based AFBs without/with considering corrosion. (discussed in Supplementary
Note 2)

5" cycle  Coharge Cuischarge Ceorro CLi depo Ceead Li CsELLi
Without 0.079 mAh  0.043 mAh 0.048 mAh 0.005 mAh 0.031 mAh
corrosion (13.9%) (86.1%)
With 0.079 mAh 0.043mAh 0.001 mAh 0.049 mAh 0.005mAh 0.031 mAh

corrosion (13.9%) (86.1%)




Supplementary Table 5. The calculation results of SEI-Li and dead Li of the first cycle
of LSiPSCl based AFBs without/with considering corrosion. (discussed in
Supplementary Note 2)

1 cycle  Ceharge Cuischarge Ceorro CLi depo Ceead Li CsELLi
Without 0.283 mAh  0.227 mAh 0.250 mAh 0.023 mAh 0.033 mAh
corrosion (41.0%) (59.0%)
With 0.283 mAh 0.227mAh 0.004 mAh 0.254 mAh 0.023 mAh 0.033 mAh

corrosion (41.0%) (59.0%)




Supplementary Table 6. The calculation results of SEI-Li and dead Li of the 2™ cycle

of LSiPSCl based AFBs without/with considering corrosion.

(discussed in

Supplementary Note 2)
2" cycle  Coharge Cuischarge Ceorro CLi depo Ceead Li CsELLi
Without  0.227 mAh  0.186 mAh 0.197 mAh 0.011 mAh 0.030 mAh
corrosion (26.8%) (73.2%)
With 0227 mAh  0.186 mAh  0.007mAh 0.205mAh 0.012mAh 0.029 mAh
corrosion (29.3%) (70.7%)




Supplementary Table 7. The calculation results of SEI-Li and dead Li of the 2™ cycle
of LPSCl based AFBs without/with considering corrosion. (discussed in
Supplementary Note 2)

2" cycle  Coharge Cuischarge Ceorro CLi depo Ceead Li CsELLi
Without 0.197 mAh  0.149 mAh 0.191 mAh 0.042 mAh 0.006 mAh
corrosion (87.5%) (12.5%)
With 0.197 mAh 0.149 mAh 0.003 mAh 0.195 mAh 0.043 mAh 0.005 mAh

corrosion (89.6%) (10.4%)




Supplementary Table 8. The errors between raw and fitted data of EIS spectra in
Supplementary Figure 13.

LiLGPS[Li  Oh 2h 4h 6h 8h
Rp 5.7% 7.73% 15.3% 22.7% 15.4%
Ros 20.3% 9.05% 38.6% 36.3% 30.9
RSkl 2.72% 2.08% 2.69% 1.86% 2.17%
10h 12h 14h 16h 18h
Rp 32.5% 27% 25.5% 32.6% 33.7%
Rcb 26.7% 26.7% 22.5% 22.4% 27.2%
Rsel 3.48% 3.62% 3.58% 3.42% 3.37%
Li[LSiPSCI|Li 0h 2h 4h 6h 8h
Rs 4.2% 0.95% 6.8% 1% 1.2%
Rcs 5.7% 4.1% 4.7% 4.1% 1.4%
RsEl 11.6% 4.83% 4.92% 4% 1%
10h 12h 14h 16h 18h
Rp 7.5% 1.2% 1.4% 1.5% 3.1%
Ros 4.6% 4.6% 6.5% 2.1% 5.2%
Rsel 4.1% 3.78% 4.42% 1% 3.69%
LiLPSCILi  Oh 2h 4h 6h 8h
Rs 3.1% 4.2% 3.3% 4.5% 5.4%
Res 13% 12% 16% 14% 8.9%
Rsel 29.7% 15.1% 21.8% 15.2% 10.1%
10h 12h 14h 16h 18h
Rs 3.1% 3.3% 2.7% 3.8% 3.3%
Rcs 15% 8.3% 8.5% 7.9% 7.2%
RSl 16.4% 11.8% 11.1% 10.6% 9.6%
Li[LPS|Li Oh 2h 4h 6h 8h
Rp 0.4% 0.4% 0.9% 0.9% 0.8%
Rcb 5.8% 0.3% 4.4% 4.4% 4.4%
Rsel 11.6% 7.4% 6.3% 6% 5.7%
10h 12h 14h 16h 18h
Rs 0.8% 0.8% 0.7% 0.8% 0.9%
Res 4.2% 4.2% 4.3% 4% 4.4%

RsEr 5.4% 5.3% 5.4% 5% 5.2%




Supplementary Table 9. The mechanical properties comparison between the four solid
state electrolytes. 1> The density of these SSEs is measured in this work, while the
Young’s modulus, Shear modulus and Hardness of these SSEs were obtained from
literature. The relative density of SSEs pellet is calculated by dividing its actual density
by its theoretical density.

Density/ Theoretical Relative Young’s Shear Hardness
gcm’ density/ density modulus  modulus  /GPa
gcm? (porosity) /GPa /GPa
LSiPSCl 1.44 - - - - -
LPSCI 1.49 1.64 90.9% 219 8.1 1.76
(9.1 %)
LPS 1.72 1.87 92.1% 22.1 8.1 1.9
(7.9 %)
LGPS 1.82 1.988 96.6% 21.7 7.9 -

(3.4 %)




Supplementary Table 10. The errors between raw and fitted data of EIS spectra in
Supplementary Figure 24.

LGPS LSiPSCl LPSCl LPS
R1 9.36% 5.54% 7.30 9.36%
R2 27.53% 17.67% 47.18% 27.53%




Supplementary Note 1
Calculation the irreversible capacity loss from dead Li and SEI-Li (without
considering Li corrosion during discharge)

The charge capacity (Ccharge) has two contributions: lithium deposition (CLi depo) and
SEI formation (Csgr-Li). The discharge capacity (Caischarge) represents the dissolution of
deposited lithium, but the dissolution process is not complete, thus dead Li (Caead Li)
remains after the dissolution process. Here we neglect the chemical reactions between
deposited lithium metal and SSEs during discharge. The following section
systematically investigates this issue and proves that the ratio of Cdead Li and CsEgr-Li
change slightly before and after considering corrosion, which will not affect our
judgment of the main cause of battery failure.

According to the above definitions, we can obtain the following equations:

Ceharge = CLidepo + CsEr-Li  (Equation S1)

Cdischarge = CLi depo - Cdead Li (Equation S2)

Combining equations S1 and S2 to eliminate CLi gepo, W€ can obtain:

Ccharge - Csgr-Li - Cdead Li = Cdischarge (Equation S3)

Integrating the metallic ’Li NMR signal within the operando NMR spectra, we can
quantify the deposited lithium (SLi depo) and dead lithium (Sdead Li) at the end of charge
and discharge, respectively, which is proportional to the Cri depo and Cgeaa Lis
respectively. This rational is illustrated in equation S4:

CLidepo / Cdead Li= SLidepo / Sdead Li  (Equation S4)

Combining equations S2 and S4, and cancel Cui gepo, We have :

(Cdischarge + Cqead Li) / Cdead Li= Svi depo / Sdead Li (Equation S5)

Therefore,
Sdead Li

Caead Li= Clischarge (Equation S6)

Sdeposited-Sdead Li

According to equations S3

CSEI-Li=(Ccharge'Cdischarge)'Cdead Li (Equation S7)



The Cecharge, Caischarges SLi depo, and Sdead Li are experimentally observable in operando
NMR experiments, thus we can calculate Csgr-Li and Cagead Li, respectively. For example,
in LSiPSCl, Ccharge, Caischarges SLi depo, and Sqead i are 0.283 mAh and 0.227 mAh,
1517.22 a.u., 549.46 a.u., respectively for AFBs after first cycle. Therefore, we can
calculate that the Csgr.Li is 0.033 mAh and Cgead i is 0.023 mAh.



Supplementary Note 2
Calculation the irreversible capacity loss from dead Li and SEI-Li (considering Li
corrosion during discharge)

Here, we will evaluate the effect of Li corrosion during discharging on the dead Li and
SEI-Li calculations in different SSEs.

(1) For LGPS, the battery cannot discharge due to the chemical reactions between LGPS
and deposited Li during charge. Therefore, the corrosion during discharge will not
impact the quantification of SEI-Li and dead Li in LGPS.

(i1) For LPS, we will re-calculate the SEI-Li and dead Li when considering corrosion
(capacity loss by corrosion during discharge is defined as Ceorr). Supplementary Table
2 summaries the calculation results of SEI-Li and dead Li after the first cycle of LPS
based AFBs without considering corrosion.

Ceorr can be estimated from resting experiments (see main text “Li metal corrosion
during calendar aging”). For the first cycle, the corrosion rate is (4% * CLidepo)/12 h,
the discharge process of first cycle takes 6.7 h, s0 Ccorr = (4% X CLidepo)/12 h x 6.7 h.
Here, the CLi depo is estimated to be the case without considering corrosion (0.234 mAh)*,
therefore, the Ceorr = 0.005 mAh. Then the capacity loss caused by SEI-Li and dead Li
can be calculated by combining the following equations, and the results are summarized
in Supplementary Table 3.

Ccharge = Cli depo + CsELLi charge (Equation S8)
Cdischarge = Cli depo = Ceorr - Caead Li (Equation S9)

CLidepo / Cdead Li= SLidepo / Sdead Li  (Equation S10)

Combining equations S9 and S10, and cancel CLi depo, We have :

(Cdischarge + Cdead i+ Ccorr) / Cdead Li= Svi depo / Sdead Li (Equation S11)
Therefore,

— Sdead Li .
Cead Li= St . S ] (Cdischarge + Ceorr) (Equation S12)
deposited™dead Li

Similarly,

C ser-Li = CsErLi charge T Ceorr =(Ccharge'cdischarge)'Cdead Li (Equation S13)



After comparing the results in Supplementary Table 2 and 3, we can find that the Li
corrosion has little effect on the ratio of Cdead Li and Cskr-Li in the first cycle. The effects
of Li corrosion are also evaluated in 5" cycle, and the results are shown in
Supplementary Table 4. The ratio of Cdead Li and Cser-Li would not change before and
after considering corrosion in the 5™ cycle.

(iii) For LSiPSCI, the same calculations were conducted in the 1% and 2" cycle, as
summarized in Supplementary Table 5 and 6. Similarly, Li corrosion during discharge
also has weak effect on the ratio of Cdead Li and CsEgr-Li.

(iv) For LPSCI, almost no Li corrosion occurred in the first cycle. The Li corrosion in
the 2" cycle is summarized in Supplementary Table 7. Similarly, it seems that Li
corrosion has little effect on the ratio of Cdead Li and CsEr-Li.

In conclusion, the ratio of Cdead Li and CserLi change slightly before and after
considering corrosion. From a qualitative point of view, this slight change will not affect
our judgment of the main cause of battery failure, i.e., our conclusions are reliable even
without considering corrosion. Of course, we can further differentiate the total SEI after
considering corrosion. It can be find that in some cases, the corrosion induced SEI
would account for around half of the total SEI, indicating the important role of corrosion
in forming SEI.



Supplementary Note 3
Interphase between the solid state electrolytes and lithium metal

The stability of the SEI also has a great influence on the electrochemical performance
of the battery. The formation of SEI not only consumes active lithium but also increases
the impedance of the batteries. As a consequence, the interfacial stability of these four
SSEs was compared by monitoring their impedance increment of the assembled
Li|SSEs|Li cells during resting. It is obvious from Supplementary Figure 12 that the
impedance of the Li|LGPS|Li cell shows an increasing trend during the resting process,
while the impedance of the other three systems mainly increases after 2 h of resting,
after which the impedance grows slowly. By fitting the impedance spectra
(Supplementary Figure 13a), we could obtain bulk resistance of SSEs (Rs), grain
boundary resistance of SSEs (Rgs), and resistance of SEI (Rski). (Supplementary
Figure 13b, 13c 13d, and 13e). It can be seen that Rp remains constant during rest, but
the Rgs and Rser increases during rest. More specifically, the Rser and Ras of cells with
LGPS exhibits a continuous increase during rest, while the Rser and Ras of battery with
other three SSEs mainly increase at the start of rest. The Rsgr is determined by the
thickness and composition (affect transport of Li") of SEI, whose evolution indicates
that the interfacial deterioration of the Li|LGPS|Li battery is continuous, whereas in the
other three systems the interface is relatively stable once it is formed. The evolution of
R (Supplementary Figure 13d) is similar with that of Rser (Supplementary Figure
13e). Therefore, we consider that Li metal infiltrates the grain boundary of SSEs sub-
surface due to the initial applied pressure during cell fabrication, which is verified by
the previous report®. The Li metal located at the grain boundary would react with
adjacent SSEs to form SEI, corresponding to the increase of Rgs.

The composition of the SEI has a great influence on the performance of both LIBs and
liquid/solid-state LMBs, so an in-depth understanding of the composition of SEI is of
great importance.® For the LGPS sample, the SEI compositions have been identified to
include Li2S, LisP and Li-Ge alloy.” While for LPS and LPSCI samples, previous
studies showed that the SEI composition contained Li2S, LisP, and LiCl.® So far, the
SEI composition of LSiPSCl is still unknown. Therefore, a Li|LSiPSCI|Li symmetrical
cell was assembled, which showed a gradual increase in polarization voltage during
cycling (Supplementary Figure 14). The cycled lithium metal was carefully stripped
off and the pellet surface was characterized by X-ray photoelectron spectroscopy (XPS)
The XPS results are shown in Supplementary Figure 15. The Cl 2p spectra show a
negligible peak shift before and after cycling. The signal of LizS is observed from the
Li 1s and S 2p spectra. The little sulfate peak in the S 2p spectrum at 167 eV may be
due to the reaction of the sample with traces of residual oxygen during sample transfer.
In the Si 2p spectrum, the pristine LSiPSCI shows a peak at 100.75 eV, corresponding
to the Si-S bond of SiS4 tetrahedron. The broad peak at 102.2 eV can be assigned to the
Si-Cl bond of SiCl4 tetrahedron. After cycling, the peak at 100.75 eV shifts to a lower
energy at 100.6 eV. This small change is often thought to be a change in the local
chemical environment of Si. We speculate that Si is bounded with less electronegative



atoms after cycling, thus increasing the electron density on silicon. We proposed that
SiS4* is reduced to Si2Se*, meanwhile Li2S is generated, in which some S-Si-S bonds
are converted to S-Si-Si-S bonds, the chemical equation can be refered in
Supplementary Figure 15f. This mechanism is same with the Si-contained glassy
sulfide SSEs reported previously.” A similar peak shift to lower energy is observed in
the P 2p spectra, which we assigned it as PS4> converting into P2Se*.



Supplementary Note 4
Low chemical shift of deposited lithium in SSBs

The chemical shift of Li metal in different SSEs gradually shifts from ~240 ppm to ~
230 ppm during charge of first cycle (Figure 3b and Supplementary Figure 10). And
it 1s noted that such a chemical shift is lower than that of in liquid electrolyte based
LMBs (240 — 275 ppm). Several factors could affect the chemical shift of Li metal,
including the orientation of deposited Li with respect to external magnetic field, the
morphology of Li metal, and bulk magnetic susceptibility (BMS) of cathode.

Firstly, the orientation of deposited lithium with respect to external magnetic field in
solid state battery is shown in Supplementary Figure 16a, which is fixed during
battery operation.

Secondly, the effect of morphology of deposited Li metal is discussed with the
following experiments. We first assemble a Cul||LFP cell using a 1M LiPF6 in EC:EMC
(3:7 w/w + 2 wt.% VC additive) non-aqueous electrolyte solution and monitor the
lithtum deposition process with operando NMR. The deposited lithium shows a porous
morphology (Supplementary Figure 16b) and its chemical shift is at around 250 ppm
(Supplementary Figure 16¢). The morphology of lithium metal in liquid electrolyte-
based battery is less damaged when the battery is disassembled. So the deposited
lithium was retrieved and used to re-assemble an operando solid state lithium metal
battery with pristine LCO (cathode) and LPS (solid state electrolyte). The operando cell
is free of external pressure so as to maintain the porous morphology of lithium metal.
The orientation of deposited lithium with respect to external magnetic field in solid
state battery and in liquid electrolyte based battery is same, as schematic in
Supplementary Figure 16a. The re-assembled battery was also characterized by
operando NMR and the chemical shift of lithium metal shows almost no change
(Supplementary Figure 16¢), indicating that pristine LCO and LPS will not influence
the chemical shift of lithium metal. The lithium metal was retrieved again and pressed
at 50 MPa, exhibiting a relatively compact and flat morphology (Supplementary
Figure 16d). The pressed lithium metal was reassembled an operando cell with LPS
and LCO for NMR testing. The chemical shift of pressed lithium metal shifts to lower
chemical shift around 236 ppm, which is lower than that typically observed, thus
proving that the compact morphology of lithium metal leads to a low chemical shift.
The morphology of lithium metal in SSBs is even more compact than that of pressed
lithium metal. Therefore, we consider that the unique compact morphology of Li metal
is probably one of the reasons.

Finally, we also investigate the effect of LCO to chemical shift of Li metal. The pristine
LCO is diamagnetic, it has negligible effect to the chemical shift of underlying Li metal,
as demonstrated by the experiments in Supplementary Figure 16. We further explore
the effect of charged LCO (paramagnetic) to the chemical shift of Li metal. The AFBs
was firstly charged to 4.2 V, then the cathode (corresponding to formula of Lio.sCoQO2)



was collected and was used to re-prepare a new pellet with LPS. A lithium metal with
thickness of 370 um was used to paired with this new pellet for NMR testing. The
results are shown in Supplementary Figure 17, we can find that the signal of Li metal
shifts to lower chemical shift when Lio.sCoOz2 is used, which is the same as the signal
shift to a lower chemical shift during the 1% charging process observed in the operando
experiments (Figure 3b, Supplementary Figure 10). So the paramagnetic cathode
could also affect the chemical shift of Li metal.

In summary, we tentatively ascribe the low ’Li chemical shift of Li metal to the
synergistic effects of delithiated cathode and morphologies of deposited Li.



Supplementary Note 5
Calculation processes for converting torque into applied force

The applied force can be calculated as:
(https://www.engineeringtoolbox.com/screw-jack-d 1308.html)

T 2nr —
- X w (Equation S3)
r (2rur +p)

T: torque, in this work, is around 0.95 Nm

r: the radius of screw, in this work, is 3.5 mm

p: screw pitch, in this work, is 1 mm

u: the friction coefficient, the material of screw is poly(ether ether ketone) cylinder
(PEEK), whose friction coefficient is 0.25 (https://www.curbellplastics.com/Research-
Solutions/Materials/PEEK).

The calculated force is around 907.8 N (23.6 MPa).


https://www.engineeringtoolbox.com/screw-jack-d_1308.html

Supplementary Note 6

Sample preparation of SEM

In our cases, the copper is easily peeled off from the SSEs, and the deposited lithium
remains on copper but is partially covered with SSEs (Supplementary Figure 26a).
Therefore, we think that the morphology of deposited lithium is relatively less damaged
in this process, but the SEI on deposited lithium might be totally destroyed. When we
observe the morphology of deposited lithium by SEM, we need to search carefully for
the deposited lithium without covering SSEs. After multiple cycles, the SSEs pellet is
nearly intact after peeling off the copper (Supplementary Figure 26b), but we need to
break the pellet to find the lithium dendrite/dead lithtum inside the pellet.
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